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Abstract 
 
The reduction of the operating temperatures of solid oxide fuel cells (SOFCs) below 600 °C is one 
of the primary objectives to make them cost competitive with existing energy conversion 
technologies. However, the low ionic conductivity of the electrolytes and the sluggish 
electrochemical reaction rates at the electrodes are the major issues, which limit the performance 
of SOFCs at reduced operating temperatures. While the effect of limited ionic conductivity of the 
electrolytes at lower operating temperatures has been compensated by decreasing the electrolyte 
thicknesses, the utilization of nanostructured electrodes with enhanced electrochemical activities 
has been one of the most common approaches to overcome the electrode limitations associated 
with the reduced operating temperatures. 
The aim of the thesis is to obtain high performance nanostructured electrodes for SOFCs in a 
cost-effective and easily scalable production method. The state-of-the-art electrode materials of 
La0.6Sr0.4CoO3-δ (LSC) and Ni-Ce0.8Gd0.2O2-δ (NiO-GDC20) with ultrafine microstructure and high 
phase purity are synthesized by salt-assisted spray pyrolysis method. Nanostructured electrode thin 
films fabricated by spin coating of the water-based dispersions of LSC and NiO-GDC20 
nanoparticles exhibit a three-dimensional porous microstructure with a grain size of around 50 
nm. The electrochemical performances of the resulting electrode layers with thicknesses below 1 
µm are optimized in the symmetrical cell configuration for the purpose to integrate them into the 
micro-solid oxide fuel cell (micro-SOFC) devices, which typically employ costly physical vapor 
deposited Pt thin film electrodes. The proof of concept for the fabrication of porous micro-SOFC 
electrodes by spin coating of suspensions of electrode nanoparticles is reported for the first time, 
and the first set of electrochemical data (12 mW/cm2 at 500 °C) demonstrates the feasibility of the 
developed thin film electrode fabrication method. Furthermore, the synthesized electrode 
materials are examined in ceria-based anode supported SOFC design. The promising initial 
electrochemical results (318 mW/cm2 at 600 °C) set the ground for further optimization of the 
anode supported LSC|Ce0.9Gd0.1O2-δ (GDC10)|Ni-GDC20 cells. 
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1. Introduction 
 
Ever since the Industrial Revolution in 18th century, combustion of the fossil fuels such as coal, oil, 
and natural gas has been the primary way of the energy generation. However, the continued 
availability of fossil fuels, their cost, and the environmental effects of the increasing emission of 
greenhouse gasses are the major concerns. Therefore, alternative energy conversion systems with 
lower or zero carbon emissions have to replace the conventional fossil fuel dependent 
technologies. 
One of the alternative energy conversion systems is the fuel cell technology, in which the 
chemical energy within the fuel is converted directly into the electrical energy through a series of 
electrochemical reactions. Figure 1-1 illustrates the general concept of the fuel cells. The 
electrochemical reactions taking place at the electrodes lead to the formation of electrons and ions. 
The electrons and ions generated at one electrode have to be consumed in the other electrode to 
maintain charge balance within the fuel cell. Therefore, these species must be transported from the 
locations where they are generated to the locations where they are consumed. In terms of 
electrons, the transport is maintained as long as an electronically conductive path is present, which 
typically consists of the electronically conductive electrodes, the interconnects, and the external 
circuit. The transport of ionic species is accomplished by the electrolyte layer, which provides a 
pathway for the ions to flow. Flowing electrons along the external circuit provide power when a 
load is introduced in between and a fuel cell continues to generate electricity as long as fuel and 
oxidant are supplied continuously. 
There are several types of fuel cells, which are usually named after their ionic conducting 
electrolyte membranes: polymer electrolyte membrane fuel cells (PEMFCs), alkaline fuel cells 
(AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and solid oxide 
Figure 1-1: General concept of the fuel cells. 
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fuel cells (SOFCs), among which SOFCs have drawn a great interest because of their fuel 
flexibility, long-term stability, and high conversion efficiencies [1]–[7]. 
The main components of an SOFC, which are electrolyte, anode, cathode, and interconnects, 
have to fulfill specific requirements. The electrolyte has to be a gas-tight membrane exhibiting high 
ionic conductivity but negligible electronic conductivity. On the other hand, the electrodes must be 
porous to be able to transport gaseous reactants to the electrolyte/electrode interfaces. In addition 
to high electronic conductivity, electrode materials have to display high catalytic activity towards 
the desired electrochemical reactions. Moreover, the transport of oxygen ions by electrode material 
is not necessary but particularly advantageous in terms of increasing the number of active 
reactions sites for the electrochemical reactions. Finally, interconnects have to exhibit high 
electronic conductivity but negligible ionic conductivity. Since SOFCs exhibit layered 
configurations, the compatibilities between the elements such as well-matching thermal expansion 
behavior, good interfacial adhesion, and chemical compatibility are essential. 
 
1.1. Objectives of SOFC Research 
 
Despite the conceptual attractiveness of the SOFC technology, the major obstacle, in the way of its 
commercialization, had been the requirement of high operating temperatures (800–1000 °C), 
which results in high manufacturing and running costs, long start-up and shut-down times, and 
high degradation rates. Therefore, one of the main objectives of the SOFC community has been the 
development of SOFCs with high power densities operating at temperatures below 700 C, which 
is nowadays the state-of-the-art operating temperature for SOFCs based on oxygen ion conducting 
yttria-stabilized zirconia (YSZ) electrolyte [8]. The reduction of the operating temperatures even 
below 600 C would allow the use of less expensive sealant and metallic interconnect materials, 
and eliminate the degradation issues. However, the ionic transport processes and electrochemical 
reactions are thermally activated, and they become sluggish with decreasing temperatures. Thus, 
the efforts to reduce the operating temperatures of SOFCs have focused predominantly on 
decreasing the diffusion path length for the ions (i.e., reducing the electrolyte thickness), the 
development of novel materials with enhanced transport and catalytic properties at low 
temperatures, and the optimization of their properties.  
Considerable reduction in SOFC operating temperatures has been first realized by reducing 
the thickness of electrolytes, which minimizes the Ohmic losses within the cell by decreasing the 
length of the diffusion path for oxygen ions. This approach required the change of the cell 
geometry from the conventional electrolyte-supported design with an electrolyte thickness typically 
higher than 100 µm towards the electrode-supported design, in which thin electrolyte layers with 
thicknesses lower than 20 µm are deposited onto thermo-mechanically stable porous electrode 
supports. Recently, advances in the deposition of thin film electrolyte layers with thicknesses 
below 1 µm by physical vapor deposition techniques have resulted in the cells with peak power 
densities above 500 mW/cm2 at 500 C [9], which is a notable low-temperature performance for a 
YSZ-based anode supported SOFC. Additionally, innovations in thin-film deposition techniques 
and microfabrication processes have drawn considerable attention towards the miniaturization of 
SOFC devices (micro-SOFC) as battery replacement for portable applications such as mobile 
phones and laptops [10]–[17]. Potentially, micro-SOFCs offer higher energy per volume and 
weight compared to batteries, since their fuel flexibility allows utilization of high energy density 
hydrocarbons [18]–[20]. A parallel approach for cutting down the electrolyte-caused Ohmic losses 
has been to find alternative materials with improved ionic conductivities compared to the 
conventional YSZ electrolyte. Examples of such material systems are doped ceria, doped 
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lanthanum gallate, and doped bismuth oxide [21]–[26]. The proton-conducting electrolytes such 
as doped barium cerates and doped barium zirconates are also promising alternatives [27]–[32]. 
Even though Ohmic losses can be reduced by one to two orders of magnitude by substituting YSZ 
with alternative electrolyte materials, the uncertainties about their long-term stability, material 
compatibility with the adjoining cell components, and undesirable electronic conduction under 
operating conditions still make the YSZ one of the most desirable electrolyte material choices for 
SOFC applications [33]. 
Another important strategy to lower operating temperatures of SOFCs has focused on the 
reduction of losses associated with electrochemical processes taking place at electrodes, which can 
be achieved by developing novel electrodes with high activities towards oxygen reduction and fuel 
oxidation, and by engineering the microstructures of the electrode layers. At lower operating 
temperatures, the activation energies required by the electrochemical reactions become larger, 
which can only be overcome at the expense of the cell voltage resulting in high voltage losses at 
low temperatures. In terms of cathode, La1-xSrxMnO3-δ (LSM)-based perovskites have been one of 
the most popular choices for the conventional high temperature SOFCs due to their 
thermomechanical compatibility with the YSZ electrolyte as well as sufficient electrochemical 
performance [34]–[36]. However, the low ionic conductivity and the slow oxygen surface 
exchange kinetics of LSM restrict the electrochemical reactions to the triple phase boundaries 
(TPBs) [36], where the gas phase meets the electronically conducting cathode and the ionically 
conducting electrolyte phases. The localization of electrochemical reactions at or near the 
cathode/electrolyte interface significantly limits the number of active reactions sites and eventually 
the overall performance of the SOFCs. Typically, the oxygen ion transport within the cathode layer 
is favored, as it delocalizes the charge transfer reactions from the cathode/electrolyte interface to 
the entire cathode layer. Thus, mixed-ionic-electronic-conducting (MIEC) cathodes such as La1-
xSrxCo1-yFeyO3-δ (LSCF), Ba1-xSrxCo1-yFeyO3-δ (BSCF), and La1-xSrxCoO3-δ (LSC) have been intensively 
studied, which have been reported to have enhanced catalytic activity in the lower temperature 
range of 450–600 °C [37]–[39]. Due to the mixed conductive nature, the oxygen ion exchange is 
extended effectively over the entire surface of the cathode. Even though these novel cathodes yield 
considerably lower polarization losses, there are issues in terms of their thermomechanical and 
chemical compatibility with the YSZ electrolyte and their long-term stability [40]–[42]. Similar to 
the cathode, the anodes have to combine electronic (or mixed ionic-electronic) conductivity, 
electrochemical activity for fuel oxidation, thermomechanical and chemical stability under 
operation, and compatibility with the other components of the cell. Considering such rigorous 
requirements, only a few candidates are available. Conventionally, metallic anodes such as 
platinum (Pt) and nickel (Ni) were used as anodes. Especially, Ni had been employed as anode 
material for several years due to its excellent catalytic activity towards fuel oxidation [43]. 
However, its significant thermal expansion coefficient mismatch with YSZ and the tendency of Ni 
grains to agglomerate at elevated temperatures lead to thermomechanical failure and reduction of 
active reaction sites at the anode/electrolyte interface, respectively. At that point, the development 
of ceramic-metal composite (cermet) Ni-YSZ anode has been a major breakthrough [44], as it 
meets most of the essential requirements for SOFC anodes. Since then, Ni-YSZ cermet has been the 
most commonly used SOFC anode material. The fully percolated Ni grains within the porous YSZ 
matrix provide the electronic conductivity along with the required catalytic activity, while the YSZ 
phase provides thermomechanical stability to the anode layer, hinders coarsening of Ni grains at 
elevated temperatures, and increases the number of active reaction sites for the fuel oxidation by 
extending the TPB length with its oxygen ion conductivity [43]. To reduce the anodic 
overpotentials, considerable work has been done to replace the ionically conductive zirconia 
matrix with ceramics having enhanced transport properties such as doped ceria [45]–[48]. Even 
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though cermet anodes have sufficient electrochemical performance in the anode-supported cell 
geometry, the use of Ni-based anodes lead to the problem of coke formation when operating on 
hydrocarbon fuels [43]. Furthermore, the large volume changes caused by redox cycles and 
intolerance to sulfur impurities are the major drawbacks of the Ni-based cermet anodes [6]. 
Therefore, alternative anode materials, which are more resistant to coke formation and sulfur 
poisoning such as lanthanum chromite, strontium titanate, and strontium molybdate have been 
under development [49]–[53].  
In addition to the strategies focusing on the intrinsic properties, the electrochemical 
performance of the electrodes can be enhanced at lower operating temperatures by increasing the 
number of active reaction sites. For composite electrodes (e.g., LSM-YSZ and cermets), the major 
research effort has focused on the optimization of the electrode microstructure to maximize TPB 
length, since the TPBs are required for electrochemical reactions. For MIEC electrodes, the oxygen 
exchange at perovskite/air or perovskite/fuel is believed to be one of the rate-determining steps 
for oxygen reduction or fuel oxidation, respectively. Thus, an enhancement of the electrochemical 
activity can be achieved by nanostructuring and/or increasing the electrode thickness creating a 
large number of electrochemically active sites [8], [21], [33], [36], [54].  
 
1.2. Objectives of the Thesis and Outline 
 
One of the main objectives of the thesis is the realization of nanostructured electrodes with high 
electrochemical performance at low operating temperatures for the SOFC applications, which 
requires cost effective synthesis and processing techniques compatible with the current SOFC 
fabrication standards. The thesis also targets to integrate porous thin-film electrodes onto 
freestanding micro-SOFC membranes using a cost-effective atmospheric-deposition method. 
Finally, the fabrication of an anode-supported SOFC using the developed techniques throughout 
this thesis and its electrochemical characterization are intended. 
 
The outline of the thesis is as follows: 
 
Chapter 2 gives an introduction to SOFCs, in which the working principle, the different sources of 
cell polarization, SOFC materials and components along with the manufacturing techniques, and 
the electrochemical methods used to determine the performance of fuel cells and components are 
elaborated.  
 
Chapter 3 gives a detailed description of the methods used for synthesis, processing, and 
characterization of the materials and the cell components. A special emphasis is put on passing 
down the know-how gained in terms of the nanoparticle synthesis and cell fabrication methods. 
Therefore, the details of the synthesis and film deposition methods are given comprehensively. 
 
Chapter 4 emphasizes the effects of the synthesis parameters on the morphology and structure of 
the state-of-the-art nanostructured electrode materials, La0.6Sr0.4CoO3-δ (LSC) and NiO-Ce0.8Gd0.2O2-
δ (NiO-GDC20). Furthermore, the chemical composition and the specific surface areas of the 
nanoparticles are studied. 
 
Chapter 5 deals with the fabrication of nanostructured thin film electrodes via spin coating, which 
is a cost-effective deposition technique and highly compatible with the current SOFC production 
technology. Additionally, the electrochemical performance of thin porous electrodes of LSC and Ni-
GDC20 is studied using electrochemical impedance spectroscopy. 
 
 5 
Chapter 6 describes the successful integration of the developed electrode processing technique in 
the micro-SOFC technology, which effectively can be used to replace currently used expensive and 
time consuming thin film deposition methods. Furthermore, anode-supported SOFCs with LSC 
cathodes and Ni-GDC20 anode supports are realized and the first set of electrochemical data is 
presented. 
 
Chapter 7 gives some concluding remarks and outlook for a possible future work aiming to 
improve the electrochemical performance of the micro-SOFCs and the anode-supported SOFCs 
developed in this work.  
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2. Solid Oxide Fuel Cell Basics 
 
Solid oxide fuel cells (SOFC) are electrochemical devices that convert the chemical energy within 
the fuel directly into the electrical energy. Figure 2-1 illustrates cross-sectional view of an SOFC 
consisting of three active layers: an air electrode (cathode), an electrolyte, and a fuel electrode 
(anode). SOFCs typically operate at temperatures above 600 °C. Higher operating temperatures 
(800–1000 C) allow the use of hydrocarbons such as natural gas as fuels after being internally 
reformed to CO and H2 gases [1]. If hydrocarbon fuels are to be utilized for low temperature cells, 
an external fuel reformer has to be used to convert the fuel gas into the mixture of H2 and CO2 
[25], [55]. For the sake of simplicity, the principle of operation is discussed in terms of hydrogen 
as fuel and oxygen as oxidant.  
The air flows through the porous cathode layer where the oxygen molecules are reduced to 
the oxygen ions by accepting electrons from the cathode following Equation 2.1. 
 
 
 
1 2⁄ O2(g)+ 2𝑒
−(cathode) →O2-(electrolyte) (2.1) 
 
The oxygen ions are then transported through the gas-tight electrolyte layer, which is a 
predominantly oxygen-ion conductor, towards the anode. In the fuel-rich porous anode region, the 
oxygen ions react with the ambient fuel gas (H2) following Equation 2.2 and release the electrons 
to the anode layer.  
 
Figure 2-1: Cross-sectional schematic view of a solid oxide fuel cell. 
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H2(g)+ O
2-(electrolyte) →H2O(g)+ 2𝑒
−(anode) (2.2) 
  
It can be easily seen that the sum of the Equations 2.1 and 2.2 corresponds to the oxidation 
reaction of hydrogen (Equation 2.3.). 
 
 
 
H2(g)+1 2⁄ O2(g) →H2O(g) (2.3) 
   
The spatial separation of the redox reactions in Equations 2.1 and 2.2 forces electrons 
required for the electrochemical processes to flow through an external circuit, which in turn 
generates the electric current. The reversible voltage (E°) for an electrochemical reaction under 
standard-state conditions is given by  
 
 
 𝐸° = − 
∆𝐺°
𝑛 ∙ F
 (2.4) 
 
where ∆?̂?° is the standard molar free energy change for the fuel cell reaction, 𝑛 is the number of 
moles of electrons transferred, and F is the Faraday’s constant. Under open circuit conditions (i.e., 
when no current is drawn from the cell), the voltage arising between the electrodes at an arbitrary 
temperature, T is predicted by the Nernst equation (Equation 2.5) 
 
 
 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸° −
R ∙ 𝑇
𝑛 ∙ F
∙ln
∏𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑣𝑖
∏𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑡𝑛𝑠
𝑣𝑖
 (2.5) 
 
where 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 is the Nernst voltage, R is the universal gas constant, 𝑇 is the absolute temperature, 
𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 and 𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 are the activities of product and reactant species, respectively; and 𝑣𝑖 is the 
stoichiometric coefficient of species. When the Nernst equation is applied to the hydrogen-oxygen 
fuel cell reaction, it becomes:  
 
 
 
𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸° −
R ∙ 𝑇
2 ∙ F
∙ ln
𝑎𝐻2𝑂
𝑎𝐻2 ∙ 𝑎𝑂2
1 2⁄
 (2.6) 
 
The activity of the species 𝑎𝑖 for an ideal gas is given as 
 
 
 𝑎𝑖 =
𝑃𝑖
𝑃°
 (2.7) 
 
where 𝑃𝑖 and the 𝑃° represent the partial pressure of the species (H2O, H2, and O2) and the 
standard-state-pressure, respectively. Therefore, the activities of the reaction species can be 
changed by their unitless partial pressure values. This leads to the final form of Nernst equation for 
a hydrogen fuel cell: 
 
 
 
𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸° −
R ∙ 𝑇
2 ∙ F
∙ ln
𝑃𝐻2𝑂
𝑃𝐻2 ∙ 𝑃𝑂2
1 2⁄
 (2.8) 
 
 9 
 
where the partial pressures of the gaseous reactants and products are denoted as 𝑃𝐻2 , 𝑃𝑂2 , and 
𝑃𝐻2𝑂. 
At constant pressure, the reversible voltage (𝐸𝑇) is also temperature dependent and can be 
calculated using the Equation 2.9. 
 
 
 𝐸𝑇 = 𝐸° +
∆?̂?
𝑛 ∙ F
∙ (𝑇 − 𝑇0) (2.9) 
 
where the change in the entropy, ∆?̂? is assumed to be independent of temperature; 𝐸° and 𝑇0 are 
the standard-state reversible voltage and standard temperature, respectively. The linear 
dependence of the reversible voltage of an SOFC on the absolute temperature is shown in Figure 
2-2. Even though the reversible voltage and eventually the Nernst voltage decrease with increasing 
operating temperature, the irreversible losses associated with the reaction and transport kinetics 
tend to increase with decreasing temperatures. As it will be covered in following section, the real 
fuel cell performance typically increases with increasing temperature. 
 
2.1. Fuel Cell Kinetics 
 
As it was presented in the previous section, the voltage difference appearing between the two 
SOFC electrodes under open circuit conditions is predicted by the Nernst equation (Equation 2.5). 
It is assumed that the activities of the species, namely partial pressures of reactants and products, 
are constant at the electrode zones. This assumption is valid only if the fuel and oxidant 
concentrations are sufficiently high at the electrode compartments. However, the Nernst equation 
does not apply at any given current density drawn from the fuel cell, because the electrochemical 
and transport processes are carried out irreversibly under the operation conditions. At a given 
current density, a portion of the open circuit voltage is sacrificed in order to overcome the 
impedances of such processes.  
The difference between the actual cell voltage at a given current density and the reversible cell 
voltage for the fuel cell reaction is called polarization or overpotential, which itself is a function of 
current density. The polarizations observed in the fuel cells can be classified in terms of their 
origins as: 
 
Figure 2-2: Reversible voltage versus temperature for electrochemical oxidation of hydrogen fuel gas. 
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 Fuel crossover and internal currents; 
 Activation polarization (𝜂𝑎𝑐𝑡); 
 Ohmic polarization (𝜂𝑜ℎ𝑚𝑖𝑐); 
 Concentration polarization (𝜂𝑐𝑜𝑛𝑐). 
 
Figure 2-3 shows a typical current density–voltage (j–V) polarization curve of a fuel cell with 
voltage being a function of current density. The activation polarization usually dominates in the 
low current density region, whereas the voltage losses originating from the concentration 
polarization are dominant at high current densities when the overall rate of the reaction is 
determined by the slowest step of transport of the reactants to the electrode/electrolyte interfaces. 
Thus, the actual voltage output of an SOFC can be written as follows: 
 
 
 
𝐸 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 (2.10) 
 
2.1.1. Fuel Crossover and Internal Currents 
 
In principle, the electrolyte layer should only allow the transport of ions. However, a certain 
amount of fuel and electrons can cross over the electrolyte layer, which in turn causes a voltage 
loss of the cell. Usually, the effects of fuel crossover and electronic current across the electrolyte 
layer are negligible; therefore their influence on the voltage output of the cell is not included in 
the Equation 2.10. 
 
2.1.2. Activation Polarization 
 
The electrode reactions fundamentally require charge transfer processes, in which neutral 
reactants are transformed into ions and ions are converted into neutral species. Furthermore, the 
electrochemical reactions at the electrodes are multi-step processes, generally consisting of several 
parallel reaction pathways. Since the reaction mechanisms depend highly on the material 
properties and the microstructure of the electrodes, it is not straightforward to determine a single 
rate-determining reaction step. Plausible reaction steps for oxygen reduction and fuel oxidation 
Figure 2-3: Schematic plot of voltage versus current density of an SOFC showing different type of polarizations (figure 
redrawn after [6]). 
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reactions are given for purely electronic conducting single-phase electrodes for the purposes of 
description [56]. 
 
Cathode: 
 
The overall oxygen reduction reaction given in Equation 2.1 might occur by the following series of 
basic steps: 
  
1) Surface adsorption of oxygen molecules on the cathode: 
 
 
 
1 2⁄ 𝑂2(𝑔)  → 1 2⁄ 𝑂2𝑎𝑑𝑠(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (2.11) 
 
2) Dissociation of adsorbed oxygen molecules into adsorbed atoms: 
 
 
 
1 2⁄ 𝑂2𝑎𝑑𝑠(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) → 𝑂𝑎𝑑𝑠(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (2.12) 
 
3) Surface diffusion of adsorbed oxygen atoms to the TPBs: 
 
 𝑂𝑎𝑑𝑠(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) → 𝑂𝑎𝑑𝑠(𝑇𝑃𝐵) (2.13) 
 
4) Formation of oxide ions by electron transfer and incorporation of these ions into the 
electrolyte: 
 
 𝑂𝑎𝑑𝑠(𝑇𝑃𝐵) + 2𝑒
−(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) + 𝑉𝑂
∙∙(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) → 𝑂𝑂
𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) (2.14) 
 
Anode: 
 
The overall fuel oxidation reaction given in Equation 2.2 might occur by the following series of 
basic steps: 
 
1) Surface adsorption hydrogen molecules on the anode: 
 
 𝐻2(𝑓𝑢𝑒𝑙 𝑔𝑎𝑠𝑠)  → 𝐻2𝑎𝑑𝑠(𝑎𝑛𝑜𝑑𝑒) (2.15) 
 
2) Dissociation of adsorbed hydrogen molecules into adsorbed atoms: 
 
 
 
1 2⁄ 𝐻2𝑎𝑑𝑠(𝑎𝑛𝑜𝑑𝑒) → 𝐻𝑎𝑑𝑠(𝑎𝑛𝑜𝑑𝑒) (2.16) 
 
3) Surface diffusion of adsorbed hydrogen atoms to the TPBs: 
 
 𝐻𝑎𝑑𝑠(𝑎𝑛𝑜𝑑𝑒)  → 𝐻𝑎𝑑𝑠(𝑇𝑃𝐵) (2.17) 
 
4) Formation of water vapor by anodic reaction: 
 
𝑂𝑂
𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) + 2𝐻𝑎𝑑𝑠(𝑇𝑃𝐵) → 𝐻2𝑂(𝑔) + 2𝑒
−(𝑎𝑛𝑜𝑑𝑒) + 𝑉𝑂
∙∙(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) (2.18) 
      
12 
 
In both cathodic and anodic reactions, the overall reaction rate will be limited by the slowest 
step in the series, whereas the remaining reaction steps can be expected to be close to equilibrium. 
However, it is also possible that two or more steps exhibit similar kinetic barriers. In order the 
overall reaction to proceed, the activation energy barrier of the rate determining reaction step 
needs to be overcome. This energy barrier is generally associated with the activation polarization 
(𝜂𝑎𝑐𝑡), which in turn affects the electrode reaction rate, or more precisely the current density 
drawn from the fuel cell, which is a function of several factors such as intrinsic catalytic properties 
of the electrode material, temperature, microstructure, and reactant concentrations. The 
relationship between the activation polarization (𝜂𝑎𝑐𝑡) and current density (𝑗) is given by the 
Butler-Volmer equation [56]: 
 
 
 𝑗 = 𝑗0 ∙ [exp (𝛼 ∙
𝑛 ∙ F ∙ 𝜂𝑎𝑐𝑡
R ∙ 𝑇
) − exp (−(1 − 𝛼) ∙
𝑛 ∙ F ∙ 𝜂𝑎𝑐𝑡
R ∙ 𝑇
)] (2.19) 
 
where 𝑗0 is the exchange current density, 𝑛 is the number of electrons transferred in the 
electrochemical reaction, and 𝛼 is the charge transfer coefficient. 
The charge transfer coefficient (𝛼) is a dimensionless positive number, which is considered to 
be equal to 0.5 for fuel cells [57]. The exchange current density (𝑗0) is proportional to the anodic 
and cathodic electrode reaction rates at the equilibrium potential. Even though there is no net 
current under such conditions, the exchange current density concept is useful to represent the 
rates at equilibrium. From the fuel cell point of view, a high exchange current density means a 
high electrochemical rate and ultimately high fuel cell performance. As it can be seen in the 
Equation 2.19, the relationship between activation potential and current density is nonlinear and 
does not allow a straightforward determination of the activation polarization as a function of the 
current density. Nevertheless, the limiting cases of the Butler-Volmer equation lead to the 
expression of the activation polarization as a function of the current density.  
In the case of low current density (|
𝛼∙𝑛∙F∙𝜂𝑎𝑐𝑡
R∙𝑇
| ≪ 1 and |
(1−𝛼)∙𝑛∙F∙𝜂𝑎𝑐𝑡
R∙𝑇
| ≪ 1), the Butler-Volmer 
equation can be simplified as 
 
 
 𝑗 = 𝑗0 ∙
𝑛 ∙ F ∙ 𝜂𝑎𝑐𝑡
R ∙ 𝑇
 (2.20) 
 
or  
 
 
 
𝜂𝑎𝑐𝑡 =
R ∙ 𝑇
𝑛 ∙ F ∙ 𝑗0
∙ 𝑗 (2.21) 
 
The term 
R∙𝑇
𝑛∙F∙𝑗0
 is defined as charge transfer resistance and has the units of area specific 
resistance, Ω cm2. However, it should be noted that the linear relationship between the activation 
polarization and current density in low current density region is not Ohmic. Typically, the charge 
transfer process under these conditions can be described using a parallel resistor–capacitor circuit 
(RC circuit). Therefore, capacitive part of the charge transfer resistance cannot be obtained in DC 
measurements, since the response time of the processes are rather long. However, the values of 
resistance and capacitance can be estimated experimentally by frequency response measurements.  
At large activation overpotentials (or more precisely in the high current density regime, where 
|
𝛼∙𝑛∙F∙𝜂𝑎𝑐𝑡
R∙𝑇
| ≫ 1), the second exponential component in the Equation 2.19 is much smaller than the 
first, therefore it may be neglected. This leads to 
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 𝑗 = 𝑗0 ∙ exp (
𝛼 ∙ 𝑛 ∙ F ∙ 𝜂𝑎𝑐𝑡
R ∙ 𝑇
) (2.22) 
 
or 
 
 
 ln 𝑗 = ln 𝑗0 +
𝛼 ∙ 𝑛 ∙ F ∙ 𝜂𝑎𝑐𝑡
R ∙ 𝑇
 (2.23) 
 
Solving this equation for 𝜂𝑎𝑐𝑡 gives: 
 
 
 𝜂𝑎𝑐𝑡 = −(
R ∙ 𝑇
𝛼 ∙ 𝑛 ∙ F
) ∙ ln 𝑗0 + (
R ∙ 𝑇
𝛼 ∙ 𝑛 ∙ F
) ∙ ln 𝑗 (2.24) 
 
which is the well-known Tafel equation and usually generalized in the form of 
 
 
 
𝜂𝑎𝑐𝑡 = 𝑘 + 𝑠 ∙  ln 𝑗 (2.25) 
 
where 𝑠 is known as the Tafel slope. The plot of the logarithm of the current density against the 
overpotential is called the Tafel plot. The slope, 𝑠 gives the value of transfer coefficient (𝛼) and the 
intercept, 𝑘 gives the exchange current density (𝑗0) [6], [56].  
 
2.1.3.  Ohmic Polarization 
 
The total Ohmic resistance of a fuel cell is essentially a combination of resistances arising from 
different components of the device such as the electrical resistances (𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐) in the electrodes, 
current collector layers, and interconnects, and the ionic resistance in the electrolyte (𝑅𝑖𝑜𝑛𝑖𝑐). 
Thus, the Ohmic loss of a fuel cell can be generalized as 
 
 
 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼 ∙ 𝑅𝑜ℎ𝑚𝑖𝑐 = 𝐼 ∙ (𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐) (2.26) 
 
where 𝐼 is the current. However, in most of SOFCs, the main contribution to the Ohmic loss can be 
attributed to the electrolyte, since its ionic resistivity is typically much greater than the electronic 
resistivity of the anode and cathode layers. Changing the current (𝐼) in Equation 2.26 with current 
density (𝑗) leads the Ohmic polarization of an SOFC to be defined as 
 
 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑗 ∙ 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐 (2.27) 
 
where 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐 is the area-normalized resistance, also known as area-specific resistance (ASR) 
responsible for the Ohmic losses within the cell. The use of area specific resistance allows fuel cells 
of different sizes and geometries to be compared.   
 
2.1.4. Concentration Losses 
 
During fuel cell operation there will be a slight reduction in the concentrations of the oxygen and 
fuel gas in the cathode and anode regions, respectively. The degree of the concentration change of 
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the reactants depends highly on the current being taken from the fuel cell, as well as partial 
pressures of the reactants, microstructure of the electrodes, and reactant delivery efficiency of the 
fuel cell device. Especially at high current densities, the fuel and oxidant gasses are consumed at 
the electrode surfaces faster than they can be replenished. This phenomenon is observed as a 
voltage drop in the j–V curve of a fuel cell, which is called concentration loss, 𝜂𝑐𝑜𝑛𝑐 and estimated 
by: 
 
 
 
𝜂𝑐𝑜𝑛𝑐 =
R ∙ 𝑇
𝑛 ∙ F
∙ (1 +
1
𝛼
) ∙ ln (
𝑗𝐿
𝑗𝐿 + 𝑗
) (2.28) 
 
where 𝑗𝐿 is the limiting current density, which causes the reactant concentrations to fall to zero. A 
fuel cell cannot maintain above the limiting current density, which is given by the following 
equation: 
 
 
 𝑗𝐿 = 𝑛 ∙ F ∙ 𝐷
𝑒𝑓𝑓 ∙
𝐶𝑅
∗
𝜏
 (2.29) 
 
where 𝐷𝑒𝑓𝑓 is effective reactant diffusivity within the electrode layer, 𝜏 is the electrode (diffusion 
layer) thickness, and 𝐶𝑅
∗ is the bulk (flow channel) reactant concentration. Therefore, the strategies 
to prevent the concentration losses focus on increasing the limiting current densities of the 
electrode layers [56].  
 
2.2. Cell Components 
 
The main components of a single SOFC (electrolyte, anode, and cathode) are illustrated in Figure 
2-1. When single cells are stacked together to design SOFC systems with higher power output, two 
more cell components, interconnect and sealant, are required.  
 
2.2.1. Electrolyte 
 
The electrolyte is a crucial component of an SOFC, through which ions diffuse from one electrode 
to another, thus leading to a potential difference between anode and cathode. Some notable 
examples of electrolyte materials are ZrO2-, CeO2-, Bi2O3-based oxides with fluorite structure and 
LaGaO3-based perovskites. The oxygen ion transport is typically mediated by oxygen vacancies, 
and takes place by the thermally activated hopping of an oxygen ion from one site to the nearest 
oxygen vacancy site. This results in an ion flux and an oxygen vacancy flux with opposite 
directions [58]. 
The following properties are required for an efficient electrolyte [33]: 
 
 Ionic conductivity has to be sufficiently high at operating temperatures (~0.1 S/cm); 
 High electronic resistivity (i.e., negligible electronic conductivity); 
 Thermodynamic and chemical stability under the fuel cell operating conditions; 
 Chemical inertness towards electrode materials during fabrication and operation; 
 Compatibility of thermal expansion behavior with adjoining cell components; 
 Resistivity to thermal cycling and thermal shock; 
 Sufficient mechanical strength in the form of thin and strong films without any gas leaks; 
 Low costs for materials and processing.  
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Electrolytes with fluorite structure 
 
YSZ is certainly the most widely used electrolyte material for SOFCs, which is produced by doping 
ZrO2 with Y2O3. Undoped ZrO2 has fluorite crystal structure that exhibits polymorphism with 
monoclinic, tetragonal, and cubic phases. The monoclinic phase of undoped ZrO2 is 
thermodynamically stable at temperatures below 1170 C, and undergoes a phase transformation 
from monoclinic over tetragonal (at 1170 C) to cubic (at 2370 C) as shown below. The fluorite 
crystal structure of cubic ZrO2 shown in Figure 2-4, in which zirconia ions form an fcc lattice, while 
the oxygen ions are placed in a simple cubic arrangement in the tetrahedral holes.  
 
 
 
Monoclinic 
1170 ℃
⇔     Tetragonal 
2370 ℃
⇔     Cubic 
2715 ℃
⇔     Melt 
 
 
 
The large volume change accompanying the phase transition from the tetragonal to the 
monoclinic hinders the production of stable dense ZrO2 products, since the typical sintering 
temperatures are above monoclinic-tetragonal phase transition temperature. The doping of ZrO2 
with cubic oxides such as MgO, CaO, Y2O3 and Sc2O3 stabilizes the tetragonal and cubic 
polymorphs over a wide temperature range, resulting in the realization of partially or fully 
stabilized ZrO2 ceramic parts. Furthermore, the aliovalent doping of ZrO2 leads to oxygen vacancy 
defects. As the doping content increases, the number of vacant oxygen sites increases leading to a 
significant oxygen ion conductivity of the material. However, there is an upper limit for the level of 
doping, beyond which the ionic conductivity starts to decrease. With increasing dopant 
concentration the distances between the dopants and oxygen vacancies become smaller, which 
leads to stronger electrostatic interactions between the dopants and oxygen vacancies. Such 
interactions form associations within the crystal structure, which impede the mobility of oxygen 
ions and vacancies. This phenomenon does not only happen in ZrO2-based materials, but also in 
other oxides such as CeO2 and Bi2O3 [33]. Considering the oxygen vacancy concentration for 
improved ionic conductivity and the simultaneous formation of associations hindering the ionic 
conductivity, the optimum dopant concentration of Y2O3 is 6–8 mol.% [6].  
Doped-CeO2 is another common oxygen-ion-conducting ceramic material, which has been 
considered as an alternative to realize low temperature SOFCs due to its high ionic conductivity 
compared to the conventional YSZ-based electrolytes. CeO2 possesses the same fluorite crystal 
structure as ZrO2 and exhibits low ionic conductivity due to the insufficient amount of oxygen 
vacancies. The mobile oxygen vacancies are introduced by the substitution of Ce4+ ions by trivalent 
cations such as Sm3+, Y3+, and Gd3+. The ionic conductivity of the doped-CeO2 highly depends on 
Figure 2-4: Schematic representation of the cubic fluorite crystal structure exhibited by zirconia. The oxygen anions (red) 
occupy the tetrahedral holes in the fcc lattice of zirconuim cations (gray). 
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the type of dopant and its concentration. The highest values of ionic conductivities for CeO2 
electrolytes are obtained by doping with Sm3+ and Gd3+, and the dopant concentrations are 
typically in the range of 10–20 mol.% [6]. Despite the high ionic conductivity, the ceria-based 
materials have several drawbacks in terms of SOFC electrolyte application. At temperatures higher 
than 600 C and lower oxygen partial pressures (i.e., on the anode side of the SOFC), the Ce4+ ions 
are partially reduced to Ce3+. This leads to electronic conductivity of the electrolyte layer 
extending from the anode side towards the cathode and eventually voltage losses. The lattice 
expansion of CeO2 under reducing atmospheres is another disadvantage causing the 
thermomechanical instability of the cell. Nevertheless, the advantages of CeO2-based electrolytes 
over YSZ can be exploited at lower operating temperatures, at which higher ionic conductivities of 
CeO2-based electrolytes are prominent, and their drawback associated with the electronic 
conductivity is suppressed. In case high temperature operation is required, a thin YSZ coating on 
the anode side can prevent the electronic conduction across the electrolyte.  
The high temperature cubic polymorph of Bi2O3 also exhibits fluorite structure and its 
intrinsically high oxygen ion conductivity stems from the high oxygen vacancy concentration, 
which is about 25% of the oxygen sublattice sites [59]. In fact, cubic-Bi2O3-based electrolytes 
exhibit highest ionic conductivity values among all the oxygen ion conductors. To stabilize the high 
temperature cubic-Bi2O3 at lower temperatures, some of the Bi cations are substituted with rare-
earth dopants (Y3+, Dy3+, or Er3+), and/or with cations having higher valances such as W5+ or 
Nb4+. Even though cubic-Bi2O3-based electrolytes show considerably high ionic conductivities, they 
are metastable when cooling below 600 °C and undergo a phase transition from cubic to a poor 
ionic conducting monoclinic phase [59]. Furthermore, high electronic conductivity, volatilization 
of Bi2O3 at moderate temperatures, high corrosion activity, and low thermomechanical strength are 
the other disadvantages of Bi2O3-based electrolytes [6].  
 
Electrolytes with perovskite structure 
 
Perovskite oxides are promising materials for both oxygen ion and proton conducting SOFC 
electrolytes [6], [60]. An ideal perovskite oxide has the general stoichiometry of ABO3 (or more 
generally ABX3) and consists of a three-dimensional network of corner-sharing BO6 octahedra. As 
illustrated in Figure 2-5, the B cations are located in the center of an octahedron formed by oxygen 
ions and each octahedron shares each of its corner oxygen ions with a neighboring BO6 
octahedron. The A-cations are surrounded by 12 oxygen ions in the cavity formed by eight corner-
sharing octahedra.  
Goldschmidt who conducted much of the early work about perovskites also established the 
principle of tolerance factor for the structure, 𝑡𝐺 [61]: 
 
 
 
𝑡𝐺 =
𝑟𝐴 + 𝑟𝑋
√2(𝑟𝐵 + 𝑟𝑋)
 (2.30) 
  
where 𝑟𝐴, 𝑟𝐵, and 𝑟𝑋 are the radii of the A-site, B-site, and X-site ions, respectively. The value of 𝑡𝐺 
lies between approximately 0.80 and 1.10. The ideal cubic perovskite arrangement (space group 
𝑃𝑚3̅𝑚) is typically obtained for the compounds with 𝑡𝐺 values between 0.89 and 1. As the value of 
𝑡𝐺 decreases, the structure of the unit cell is shifted from cubic to triclinic as a result of the 
increased distortions [62].  
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The group of LaGaO3-based materials is one of the most studied perovskites for oxygen-ion 
conducting SOFC electrolytes [23], [63], [64]. High ionic conductivity of LaGaO3 is obtained by 
increasing the oxygen ion vacancy concentration and also by keeping the lattice distortion at 
minimum, which is achieved by substituting A-site La3+ ions with alkaline earth elements (Sr2+, 
Ba2+, and Ca2+) and B-site Ga3+ with divalent metal cations such as Mg2+. The resulting complex 
perovskite, La1-xSrxGa1-yMgyO3-δ is known as the LSGM-type electrolyte material. The conductivity 
of LSGM is purely ionic and typically higher than those of YSZ and Gd-doped CeO2 (GDC), and 
somewhat lower than that of Bi2O3-based electrolytes over a wide temperature range. However, at 
lower temperatures (T<700 °C), CeO2-based electrolytes have higher ionic conductivities. The 
thermal expansion behavior of LSGM matches well with YSZ. Therefore, LSGM electrolytes are 
potentially strong candidates for intermediate temperature range (700–1000 C) SOFCs, but they 
also have some disadvantages such as [6]: 
 
 Volatilization of gallium oxide; 
 Formation of undesirable secondary phases during processing; 
 High cost of gallium; 
 Reactivity with common electrode materials. 
 
Among proton conducting perovskites, Y-doped BaCeO3 and BaZrO3 are promising candidates 
for SOFC electrolyte applications because of the high ionic conductivity for protons at low 
temperatures [28], [31], [32]. However, the chemical instability of such proton conducting 
ceramics in CO2 atmospheres limits practical applications [6].  
 
2.2.2. Anode 
 
The purpose of an anode in an SOFC is to offer active reaction sites for the fuel gas to react with 
the oxygen ions delivered by the electrolyte layer. Considering the operational environment of the 
anode (high temperature and reducing atmospheres) along with functional requirements, material 
selection is a key factor in terms of SOFC performance. In particular, the following properties are 
required for the anode materials [33]: 
 
 High catalytic activity to minimize activation polarizations associated with the 
electrochemical processes; 
 High electronic conductivity; 
Figure 2-5: Schematic representation of the lattice structure of perovskite, ABO3. The cations of A (yellow) are located at 
the corners, cation of B (blue) is located in the center, and oxygen anions (red) are at the face centers. 
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 Microstructural features facilitating a high number of reaction sites for the electrochemical 
processes; 
 Thermodynamic and chemical stability under the fuel cell operating conditions; 
 Chemical inertness towards electrolyte and interconnect materials during fabrication and 
operation; 
 Compatibility of thermal expansion behavior with adjoining cell components; 
 Resistivity to thermal cycling and thermal shock; 
 Sufficient mechanical strength in the form of thin films with porous microstructure;  
 Low material and processing costs. 
 
Formerly, metallic single-phase anodes such as Pt, Fe, Cu, Co, and Ni had been used as 
anodes. Especially, Pt and Ni had been the primary choice of anode materials because of their high 
catalytic activity. Even though single-phase metallic anodes meet certain requirements listed 
above, they suffer mostly from thermomechanical and chemical instabilities under SOFC operating 
conditions. Typically, metallic anodes are unable to maintain their porous microstructure as well 
high number of active reaction sites at elevated temperatures due to the coalescence and 
subsequent grain growth. Furthermore, the complications associated with their thermal expansion 
coefficient mismatch with that of YSZ have ruled out the use of single-phase metallic anodes in 
SOFCs. To overcome the disadvantages of metallic anodes, the ceramic-metal composite (cermet) 
anodes have been introduced as an alternative to single-phase metallic anodes. In cermet anodes, 
the primary roles of the metallic phase are the catalytic oxidation of fuel gas and the conduction of 
resulting electrons from the reaction sites to the interconnects. An ion conducting ceramic phase is 
added to support the metallic phase structurally. In particular, the ceramic phase inhibits the 
coarsening of the metallic particles and provides a well-matching thermal expansion coefficient to 
that of electrolyte material. The ion conducting ceramic phase also plays an important role in the 
fuel oxidation by providing additional pathways for oxygen ion transport. Another important phase 
is the fuel gas, which has to diffuse to the electrochemical reaction zones, namely triple phase 
boundaries (TPBs). The performances of cermet anodes, therefore, do not only depend on the 
material properties of its individual components but also on their combined microstructural 
features. Despite the recent advances in pure ceramic oxide anodes, cermets are still state-of-the-
art anodes in SOFCs because of their sufficient electrochemical performance [43].  
 
Ceramic-metal composite (cermet) anodes 
 
Ni-YSZ cermets are the most commonly used anodes in SOFCs, since they meet most of the 
previously listed requirements. They are typically fabricated by sintering NiO and YSZ powders 
after a thorough blending process to ensure a well-percolated composite. The resulting NiO-YSZ 
structure is reduced to Ni-YSZ functional anodes upon exposure to a fuel gas. The volume change 
associated with the reduction of NiO to Ni leads to the formation of porous anode microstructure. 
If necessary, the porosity of the anodes can also be modified by the use of an organic pore former, 
which is burnt off during the initial sintering stage of NiO-YSZ.  
In Ni-YSZ anodes, the Ni phase is responsible for the electronic conductivity and catalytic 
activity, while the YSZ phase acts as a structural framework inhibiting coarsening of Ni grains at 
elevated temperatures and adjusting the thermal expansion coefficient of the anode layer (TECNi-
YSZ=12.5∙10
-6 1/K [65]) to that of adjoining YSZ electrolyte (TECYSZ=10.5∙10
-6 1/K [65]). 
Furthermore, the YSZ phase offers conduction path for the oxygen ions within the anode layer, 
which effectively extends the active reaction sites for the anode reactions. 
The electrical conductivity of cermets is strongly influenced by the content of the metallic 
phase. The minimum Ni loading for an active Ni-YSZ cermet anode fabricated by a conventional 
tape casting method has been reported to be around 30 vol.%, which was determined by 
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measuring the electrode conductivity of the cermet as a function of the Ni loading (above 30 vol.% 
Ni, the electronic conductivity of the anode exceeds 103 S/cm at 1000 ℃ [66]). However, the 
optimum metal phase loading to minimize activation polarization under typical fuel cell operation 
depends on several factors such as fabrication method, microstructure, and morphology, and 
typically lies in the range of 40–50 vol. % [48], [67], [68].  
Even though Ni-based cermet anodes, especially Ni-YSZ, meet most of the criteria for being an 
adequate anode material choice, there are several drawbacks [33]: coke formation under the 
operation with hydrocarbon fuels, degradation after prolonged operation, and large volume 
changes upon redox cycling. Nickel is an excellent catalyst for carbon-carbon bond formation [6] 
and the use of hydrocarbon fuels leads to the deposition of carbon species on the Ni particles. The 
blocking of active reaction sites with carbon deposits eventually leads to the deterioration of the 
fuel cell performance. Furthermore, the number of active reaction sites for fuel oxidation is 
reduced after prolonged operation due to the coarsening of Ni grains and agglomeration. Such 
cermet anodes also experiences large volume changes upon redox cycling, which leads to the 
mechanical instability of the anode layer.  
 
Fuel oxidation in cermet anodes 
 
The Figure 2-6 shows the overall electrochemical oxidation mechanism of hydrogen fuel along 
with the transport and diffusion pathways of the species in a cermet anode.  The electrochemical 
oxidation of hydrogen given in Equation 2.2 is assumed to take place at or near TPB of anode, 
electrolyte, and gas (fuel) phases. This assumption is based on the localization of respective 
electronic, ionic, and molecular transport characteristics of the distinct anode components. The 
metallic phase is a purely electronic conductor and the electrolyte conducts predominantly oxygen 
ions. Moreover, the fuel gas transport is only associated with the gas diffusion within the porous 
anode structure. The assumption is confirmed by the experimental work done on geometrically 
model anode structures with well-defined, two-phase and three-phase boundaries [69]–[71]. 
While the overall fuel oxidation process is agreed upon, there is a discrepancy in the literature 
concerning the elementary reaction steps which are rate determining. Nevertheless, the kinetics of 
each elementary step strongly depends on the material properties, microstructure, processing, and 
the experimental conditions under which the anode is tested. 
Since the electrochemically active reactions sites for fuel oxidation are localized near TPBs, 
one of the most common strategies to minimize the activation polarization associated with anode 
layers has been to increase the density of TPBs within the anode layer. The fabrication of porous 
and highly percolated cermet anodes with high specific surface areas leads to the realization of 
Figure 2-6: Structure of a cermet anode and overall fuel oxidation mechanism for a H2-O2 SOFC. 
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high performance anodes. Furthermore, the metallic and ceramic components of the cermet 
anodes can be replaced individually with alternative materials having enhanced catalytic activity 
and ionic conductivity. 
 
Alternative anode materials 
 
There has been a growing interest in alternative single-phase oxide materials to overcome the 
disadvantages associated with cermet anodes. However, the research is still at a stage of finding 
suitable candidates to substitute standard cermet anodes. The materials of interest are doped CeO2 
and perovskite-type transition metal oxides with mixed ionic-electronic conductivity in reducing 
atmospheres [72].  
The rare earth doped CeO2 compounds exhibit ionic conductivity due to the high number of 
oxygen vacancies. In reducing atmospheres, the electronic conductivity is induced by the partial 
reduction of Ce4+ ions to Ce3+. Ce0.6Gd0.4O3-δ has been investigated as a single-phase anode 
material and a good performance has been obtained with hydrogen fuel. Despite of the absence of 
carbon precipitation, the catalytic activity towards methane oxidation has been found to be 
insufficient [73].  
Perovskites have also been extensively investigated as potential SOFC anode materials, among 
which lanthanum chromites, strontium titanates, and strontium molybdates are most promising 
candidates [50]–[53], [74]. 
 
2.2.3. Cathode 
 
The cathode is the part of SOFC where the oxygen reduction reaction takes place and the material 
requirements are analogous to the ones of anode. Along with the compatibility, chemical stability, 
thermomechanical strength, and cost, the catalytic activity towards oxygen reduction and 
electronic conductivity are the most crucial requirements [33]. In the earliest phases of SOFC 
development, Pt has been considered as a cathode material because of its sufficient catalytic 
activity towards oxygen reduction. Although, Pt is expensive and thermomechanically unstable 
under oxidizing atmospheres at elevated temperatures, it is one of the most employed cathode 
components in polymer electrolyte membrane fuel cells (PEMFC) and in micro-SOFCs [10], [75]. 
Yet, the SOFC technology requires low cost materials to be commercialized and less expensive 
perovskite oxides have drawn considerable attention as cathode materials for SOFC applications. 
Typical perovskite cathode materials include La1-xSrxMnO3-δ (LSM), La1-xSrxCo1-yFeyO3-δ (LSCF), and 
La1-xSrxCoO3-δ (LSC), which show good oxidation resistance and high catalytic activity under SOFC 
operating conditions. 
 
Perovskite cathodes 
 
The flexibility to accommodate variety of elements and the tolerance against extensive 
modifications make perovskite ceramics important for industrial applications, as their electrical, 
magnetic, and catalytic properties can be tailored by selective doping. This has resulted in the 
production of numerous perovskites, some of which have been considered as potential SOFC 
cathode materials. According to Adler [36], the perovskite cathodes can be classified into two 
categories: electronic conducting and mixed ionic-electronic conducting cathodes. 
Among the electronic conducting cathodes, the perovskite La1-xSrxMnO3-δ (0.1 ≤ 𝑥 ≤ 0.25) has 
been one of the most comprehensively studied cathode material systems. In the perovskite lattice, 
the A-sites are occupied by La- and Sr-cations, while B-sites are filled by Mn-cations. The 
substitution of Sr2+ for La3+ results in a charge imbalance in the lattice, which is compensated 
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either by the formation of oxygen vacancies or by the change of the oxidation state of Mn ions 
from 3+ to 4+. The corresponding compensation mechanism is governed by partial pressure of O2 
and temperature. At low O2 partial pressures (~10
-9 mbar) the formation of oxygen vacancies is 
dominant, whereas under SOFC operating conditions the charge neutrality is balanced by the 
formation of electronic defects in the perovskite lattice [76]. At high temperatures, the 
performance of LSM as a cathode material is satisfactory due to its high electronic conductivity 
(𝜎𝑒𝑙 ≈ 10
2 S/cm at 800 °C in air [35]). LSM-based cathodes have distinguishable advantages over 
high performance mixed ionic-electronic conducting cathodes. First of all, with the appropriate 
amount of Sr2+ doping, the thermal expansion coefficients of LSM and YSZ can be well matched. 
This results in the reduction of thermal stresses between electrode and electrolyte layers generated 
by thermal cycling of the cell. Another advantage of LSM is that it is thermodynamically more 
stable compared to the Co- and Fe-based perovskite cathodes [33]. Nevertheless, the chemical 
compatibility of LSM and YSZ is poor at interfaces, as electronically insulating secondary phases 
are formed under operating conditions of SOFC [77]. Moreover, moderate oxygen ion conductivity 
of LSM (𝜎𝑖𝑜𝑛 ≈ 10
-8 S/cm at 800oC in air [78]) limits the overall cathode performance at low 
operating temperatures. Therefore, the research focus has been shifted towards alternative cathode 
materials with mixed ionic-electronic conductivities. 
Mixed ionic-electronic conducting perovskite oxides such as La1-xSrxCoO3-δ (LSC), La1-xSrxCo1-
yFeyO3-δ (LSCF), and Ba1-xSrxCo1-yFeyO3-δ (BSCF) have been popularly used as SOFC cathode 
materials. Particularly, LSC exhibits an extraordinarily high electronic conductivity and large 
oxygen vacancy concentration resulting in a significant ionic conductivity and catalytic activity 
towards oxygen reduction [36], [39], [79], [80]. The oxidation states of La- and Sr-ions are fixed 
to 3+ and 2+, respectively, while Co-ions have valance states between 3+ and 4+. Upon Sr2+ 
substitution for La3+ ions, the charge neutrality in the lattice can be maintained either by the 
formation of oxygen vacancies or by the change of the oxidation state of Co ions. Both ionic and 
electronic compensation processes for the charge neutrality take place simultaneously and compete 
with each other depending on the level of doping, partial pressure of O2, and temperature [81]. 
The relationship between mean oxidation state of Co (𝜂), oxygen nonstoichiometry (𝛿), and 
content of Sr-dopant (x) for La1-xSrxCoO3-δ is given by [82]: 
 
 
 
𝜂 = 3 + 𝑥 − 2𝛿 (2.31) 
 
where 𝛿 is the oxygen deficiency of the material. Using the experimental data, Mizusaki et al. [82] 
have observed the following tendency of the defect chemistry for LSC over a wide temperature 
range. For 𝑥 ≤0.2, the charge neutrality is compensated by increase of the mean Co oxidation 
state, 𝜂. For 0.2<𝑥<0.5, the increase of Sr dopant content mainly contributes to an increase in 
oxygen nonstoichiometry, 𝛿. For 𝑥>0.5, an increase of Sr doping level leads to a further increase 
of the mean Co oxidation state, 𝜂. For La1-xSrxCoO3-δ, highest electronic conductivity values  (𝜎𝑒𝑙 ≈
 2000–2300 S/cm at T=600 °C in air [83]–[85]) have been reported for x=0.4. For the same Sr 
content, an approximate oxygen ion conductivity of 10-2 S/cm at 600 °C in air has been reported 
[81]. Therefore, LSC is of particular interest to reduce SOFC operation temperatures below 650 °C. 
However, the major drawbacks of LSC-based cathodes are the thermal expansion coefficient 
mismatch between LSC and YSZ, poor chemical compatibility between LSC and YSZ, and its 
chemical instability under SOFC operating conditions. The volume change of LSC perovskite lattice 
upon heating is not only a result of thermal expansion but also of chemical expansion, which is 
associated with the formation of oxygen vacancies [86]–[88]. The thermal expansion coefficient 
for LSC has been reported in the range of 18∙10-6–26∙10-6 1/K [81], [84], [88], [89], which does 
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not match with the thermal expansion coefficients of YSZ (TECYSZ=10.5∙10
-6 1/K [65]) and GDC 
(TECGDC=12∙10
-6 1/K [90]). This distinct mismatch leads to thermomechanical stresses upon 
thermal cycling of the cell and eventually to the mechanical failure of the cell components. Similar 
to LSM, the formation of the secondary phases (SrZrO3 and La2ZrO7) have been reported for LSC-
YSZ interfaces by many groups [91]–[93], which has two important effects on overall SOFC 
performance. First, the insulating zirconates forming at cathode/electrolyte interface hinder charge 
transfer processes and ultimately cause increased polarization losses. Secondly, they lead to the 
deviations from the desired cathode stoichiometry and thus to differences in material properties 
such as electronic and ionic conductivity, catalytic properties, and phase stability. In terms of 
chemical stability, LSC-based cathodes suffer from the degradation phenomena involving 
segregation of cation species (especially Sr) at cathode surfaces [94]–[97]. Despite the major 
drawbacks, LSC-based mixed ionic–electronic conducting perovskites continue to be the state of-
the-art materials for the SOFC cathode applications due to their superior electrochemical 
performance.  
 
Oxygen reduction 
 
Figure 2-7 illustrates three different types of porous cathode structures, in which the transport 
pathways for the various species are shown. For the conventional porous electronic conducting 
cathode materials (Figure 2-7a) such as Pt or LSM, O2 reduction reaction (ORR) and subsequent 
incorporation of O2- ions into the electrolyte are typically considered to be localized at the TPB 
zones at which O2, cathode, and electrolyte phases are physically in contact. Oxygen molecules are 
generally considered to adsorb on cathode surfaces, where they undergo electrocatalytic reduction 
step(s) yielding partially reduced species. These electrochemically active species must transport 
along surfaces, interfaces, or through the bulk of the cathode material towards the electrolyte to be 
fully incorporated [36]. In case of mixed ionic-electronic conducting cathode materials such as LSC 
and LSCF (Figure 2-7b), the bulk pathway becomes available for ORRs in addition to the surface 
path. Therefore, the O2 reduction is not only restricted to the TPB zones but also can take place 
Figure 2-7: Oxygen reduction at a) a pure electronic, b) mixed conducting, and c) composite cathodes. 
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over a significant portion of the cathode surface. The mixed ionic-electronic conduction can also be 
obtained by percolating an electronic conductor (e.g., LSM) and an ionic conductor (e.g., YSZ, 
GDC) to yield a composite microstructure as illustrated in Figure 2-7c. Contrary to intrinsically 
mixed ionic-electronic conductors, the mixed conduction properties are realized at the 
microscopic, not at the atomistic level [56].   
Despite the simplicity of the overall ORR, the process consists of a number of complex steps on 
atomic and molecular scales such as adsorption, dissociation, surface and bulk diffusion, charge 
transfer, and incorporation of oxygen into bulk. For mixed ionic-electronic conducting cathodes, 
potential elementary reaction steps of ORR are listed in Table 2-1 [98], where the parallel surface 
pathway for the ORR is neglected.  
 
Table 2-1: Elementary steps of ORR in mixed ionic-electronic conducting cathodes. 
# Reaction Step 
1 Diffusion of O2 molecules to the cathode 
2 Adsorption of O2 on the cathode surface 
3 Dissociation of O2 molecules into atomic oxygen species  
4 Charge transfer from the cathode to oxygen species before/after dissociation 
5 Incorporation of O2- ions into crystal defect sites in the bulk of cathode 
6 Bulk diffusion of O2- ions through the cathode towards the cathode/electrolyte interface 
7 Incorporation of O2- ions into crystal defect sites in the bulk of electrolyte 
 
In such multistep electrochemical reactions, the slowest step is considered to be the rate-
determining step (RDS) and the rest of the parallel processes are assumed to be in equilibrium. It 
is also noteworthy to mention that an electrochemical process does not necessarily consist of a 
single RDS but two or more reaction steps exhibiting similar kinetics. Furthermore, the kinetics of 
each step strongly depends on the cathode material, microstructure, processing of the electrode, 
and the experimental conditions under which the cathode is tested.  
 
2.3. Cell Designs 
 
Under typical operating conditions, a single SOFC delivers a voltage output less than 1 V. 
Therefore, several cells are combined together using interconnects to obtain high power outputs. 
The cells can be simply connected in series to gain higher voltage or in parallel to yield higher 
current. This assembly is known as fuel cell stack, or just a stack. Most of the SOFC stack 
development has focused on the tubular and planar designs, which are illustrated in Figure 2-8. 
 
Figure 2-8: Schematic diagrams of a) tubular and b) planar SOFC designs. 
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The tubular SOFCs (Figure 2-8a) are typically fabricated by depositing thin film components 
on a cylindrical porous tube acting as structural support and electrode (either anode or cathode), 
which is produced by extrusion followed by high temperature sintering. Subsequently, the 
electrolyte, anode/cathode, and interconnect components are deposited onto the porous support 
tube. The main advantage of the tubular design is that there is no need for sealing. Westinghouse 
Electric Corporation (USA) pioneered the tubular design and their 100 kW system was successfully 
operated for over two years on desulfurized natural gas without any significant performance 
degradation [2]. However, low power densities, the long start-up times, and expensive fabrication 
processes are the major drawbacks [99].  
Despite the progress in the tubular design, low manufacturing costs and high areal/volumetric 
power densities make the planar SOFC design more favorable, which consists of thin and flat cell 
components as illustrated in Figure 2-8b. The cells are usually fabricated by cost-effective 
conventional ceramic processing techniques such as tape casting and screen printing, which are 
stacked using interconnection components with gas flow channels. The interconnection 
components are also responsible for gas separation and current collection. These requirements and 
the additional constraints such as cost and simplicity of manufacturing have narrowed the choice 
of materials for interconnects. High temperature SOFCs employ perovskite-type lanthanum- and 
yttrium-based chromites as interconnect materials. However, the material and processing costs are 
problematic. Eventually, the reduction of operating temperatures facilitates the use of metallic 
materials for interconnects, which are less expensive and easy to fabricate [6], [99].  
The planar SOFCs can be classified into two broad categories based on the support type: self-
supporting and externally supported cells. In the self-supporting configuration, often the thickest 
component acts as a structural support. Thus, SOFCs can be designed in electrolyte-, cathode-, and 
anode-supported configurations. On the other hand, the mechanical stability of the externally 
supported SOFCs is provided by porous and electrochemically inactive metal substrates. The 
various cell configurations of planar SOFCs are illustrated in Figure 2-9. 
 
 
Electrolyte-supported SOFCs 
 
In the electrolyte-supported design, the electrolyte is the thickest part of the SOFC and acts as a 
structural support for the whole cell structure. The electrolyte materials are typically processes by 
conventional ceramic processing techniques and sintered at high temperatures to obtain dense, gas 
tight, and thermomechanically robust electrolyte supports with thicknesses in the range of 200–
500 µm [34]. The thin porous electrode layers with thicknesses of 100–200 µm are deposited on 
Figure 2-9: Electrolyte-electrode assembly approaches for SOFCs: Electrolyte-supported (the electrolyte forms the 
structural support for the cell), cathode-supported (the cathode forms the structural support for the cell), anode-
supported (the anode forms the structural support for the cell), and metal-supported (electrochemically inactive metal 
substrate forms the structural support for the cell) SOFCs. 
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both sides of the electrolyte by various deposition methods [99] and subsequently heat treated to 
attain adhesion between the components [6]. Despite the good thermomechanical properties, 
electrolyte-supported cells suffer from high Ohmic polarization due to large electrolyte thicknesses. 
Therefore, high operating temperatures (800–1000 °C) are required.  
 
Cathode-supported SOFCs 
 
In the cathode-supported fuel cell assembly, the cathode is the thickest (1–2 mm) component of 
the cell. The increased thickness of the cathode layer gives the structural stability to the whole cell, 
while the porosity of the cathode structure allows sufficient gas permeation. The typical processing 
techniques involve die pressing, extruding, or tape casting of cathode powders with binders and 
pore formers followed by high temperature sintering step [99]. Between the resulting porous 
cathode support and dense electrolyte, usually a thin (10–30 µm) active cathode layer with finer 
particle size is applied to facilitate the O2 reduction reaction by providing a high number of active 
reaction sites. After a thin electrolyte layer (5–20 µm) is deposited, the cathode-electrolyte 
structure is annealed to obtain porous cathode support coupled with a gas tight electrolyte. Finally, 
an anode layer (100–200 µm) is deposited onto the electrolyte [6].  
The advantage of the cathode supported SOFCs is the dramatic reduction of the Ohmic losses 
due to the reduced thickness of the electrolyte layer. However, the thermomechanical properties of 
the cathode-supported cells are not as good as the electrolyte-supported cells. Therefore, 
delamination and cracking can cause failure of the cell. Furthermore, the thick cathode layer leads 
to a substantial increase of the concentration polarization of the cell [6]. 
 
Anode-supported SOFCs 
 
In the anode-supported fuel cell assembly, the anode supports the entire SOFC mechanically and is 
the thickest (1–2 mm) component of the cell. The increased thickness of the anode layer gives the 
structural stability to the cell, while the porosity of the anode structure allows sufficient gas 
circulation. The manufacturing methods are analogous to of the cathode-supported cell design. 
The assembly consists of a porous anode support, a thin (10–30 µm) active anode layer with finer 
particle size, a thin electrolyte (5–20 µm), and a cathode layer (100–200 µm) [6]. 
Similar to the cathode-supported design, the thermomechanical properties of the anode-
supported SOFCs are not as satisfying as electrolyte-supported cells. Although considerably thick 
anode-support layers also result in higher concentration polarization, the overall performances of 
anode-supported SOFCs surpass those of the cathode-supported SOFCs due to the following 
reasons [6]: 
 
 The reactant concentration at the anode side is typically 5 times larger than the O2 
concentration at the cathode side (21 vol.% O2). 
 The increased anode thickness improves the conversion efficiency of the cell in case a 
hydrocarbon fuel is utilized, by increasing the residence time of the fuel within the anode 
structure.  
 
Metal-supported SOFCs 
 
Contrary to the previously described self-supporting SOFCs, the metal-supported SOFCs consist of 
electrochemically active components only as thick as necessary and porous metallic substrates for 
mechanical stability and current collection. The potential advantages of metal-supported SOFCs 
over the self-supporting SOFCs are thermomechanical robustness, redox tolerance, rapid thermal 
cycling, and significant cost reduction. The requirements for the metallic support materials are 
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similar to those of cathode- and anode-support materials, such as gas permeability, oxidation or 
reduction resistance, electrical conductivity, thermal and chemical compatibility, mechanical 
strength, and low cost. The main disadvantage of metal-supported cells stems from the high 
sintering temperatures required by the conventional electrolyte deposition techniques such as tape 
casting and screen-printing. Subsequent to the co-sintering of metal-supported electrode-
electrolyte bi-layers, it is typically challenging to retain the crucial properties of the metallic 
supports such as gas permeability and oxidation resistance [100], [101].  
 
Micro-SOFC 
 
State-of-the-art SOFC systems are mainly designed for stationary applications such as household 
units and small power plants with power output in the kilowatt to megawatt range [34], [102]. 
Due to the high specific energy and high energy density of hydrocarbons, the idea of 
miniaturization of SOFC technology (so-called micro-SOFC devices) as a battery replacement for 
mobile electronic devices with power requirements in the range of several watts has been proposed 
by a number of research groups [11], [14]–[16], [103]–[105]. The term “micro” should be 
highlighted, since it has dual meaning in terms of size and fabrication methods. On the one hand, 
micro stands for the fuel cell systems with chip-sized electrochemically active components 
compared to conventional SOFCs. On the other hand, it refers to the MEMS (micro-electro-
mechanical systems) manufacturing processes used for their fabrication [10], [106]. In terms of 
design, the electrochemically active micro-SOFC membrane classically consists of two porous 
electrodes (cathode and anode), which are separated by a dense oxygen-ion-conducting 
electrolyte. This membrane with the trilayer structure can be either deposited sequentially on a 
porous substrate or supported by a micromachineable substrate material in the form of free-
standing structure as shown in Figure 2-10.  The typical porous substrates that have been used to 
support micro-SOFC membranes are porous Ni [105] and anodic Al2O3 templates [14], [107]. 
Dense micromachineable Foturan® substrates [19] and silicon wafers [16], [17], [108] have been 
also used to fabricate free-standing micro-SOFC membranes. Foturan® is a glass-ceramic substrate 
which can be structured by the UV-light exposure and subsequent wet etching. It is an electrical 
insulator, thus it can be used as a support material for free-standing micro-SOFC membranes 
without an insulating coating [10], [109]. Despite the semi-conducting properties and the 
complexity of the photolithographic processes, silicon wafers have been also used as substrates for 
micro-SOFC membranes. To use silicon as a substrate, an electrical insulating interlayer such as 
Si3Ni4 or SiO2 is required to prevent short-circuiting. Furthermore, the thermal expansion 
coefficient of silicon (2.6×10-6 1/K [110]) does not match with the micro-SOFC membranes (10–
20×10-6 1/K [10]). Nevertheless, silicon is one of the most commonly used support material in 
Figure 2-10: Schematic illustration of a supported micro-SOFC membrane on a porous substrate (top) and a free-standing 
micro-SOFC membrane (bottom). 
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micro-SOFC community due to the standardized microfabrication processes in the semi-conductor 
industry. Regardless of the membrane design, it is essential to ensure the thermomechanical 
stability of the micro-SOFC membranes during the fabrication and service. Therefore, thermal 
stresses arising from different thermal expansion coefficients have to be taken into account 
carefully [10], [111], [112].     
Apart from the thermo-mechanical stress engineering issues, the reduction of the operating 
temperatures below 450 °C is also crucial in terms of commercialization of micro-SOFCs. The 
reduction of the electrolyte thickness below 1 µm has been the main approach similar to the efforts 
made in conventional SOFC community to decrease the diffusion path length of charge carriers. 
YSZ and GDC are the state-of-the-art electrolyte materials used in micro-SOFCs, which are usually 
deposited by physical deposition methods such as sputtering and pulsed laser deposition (PLD). 
Reasonable area specific resistance values have been achieved for thin film YSZ electrolytes at low 
temperatures (ASR≈0.15 Ω cm2, T<450 °C for 3YSZ electrolytes with thickness of 300 nm [112], 
[113]). On the other hand, the current Pt-based electrode technology is far from the optimum. 
Even though high performances have been reported by employing highly porous Pt electrodes at 
nanoscale, cost of the material and fabrication methods, and the long-term stability of the 
electrode layers at elevated temperatures are major concerns. 
Figure 2-11 illustrates the typical Si-based freestanding micro-SOFC design and its working 
principle, which is similar to of the traditional SOFC illustrated in Figure 2-1. The detailed 
description of the fabrication process is given in the Section of 3.3.  
 
2.4. Manufacturing Techniques of SOFC Components 
 
Manufacturing techniques are crucial in terms of performance of SOFCs and their cost. 
Reproducibility, quality, cost-effectiveness, and ability to scale up have to be carefully considered 
when choosing and designing a specific fabrication process. The fabrication techniques also differ 
significantly for the particular cell components of different SOFC designs (planar or tubular).  
In the case of planar SOFC design, the conventional fabrication techniques such as tape 
casting, screen-printing, and painting are the most preferred and well-established techniques. A 
typical electrolyte supported SOFC is fabricated by tape casting of the electrolyte support and 
screen-printing of anode and cathode layers on electrolyte. As the anode-supported SOFC design 
Figure 2-11: Cross-sectional schematic view and working principle of a silicon supported free-standing micro-SOFC 
membrane consisting of an electrolyte sandwiched between two porous electode layers. The total thickness of the active 
layers is less than 1 µm.  
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has gained importance in terms of obtaining high performance SOFC systems at lower operating 
temperatures, numerous thin film deposition techniques have been considered for the SOFC 
fabrication. The introduction of thin film components into the SOFC technology has also enabled 
the realization of micro-SOFCs, which are potential energy sources for portable devices such as 
laptops and cell phones. The purpose of this section is to present the commonly used 
manufacturing techniques to fabricate SOFC components. 
 
2.4.1. Conventional Ceramic Processing Techniques 
 
Tape casting 
 
Tape casting is a processing technique, which has been developed to obtain large-area, thin, flat 
ceramic layers and multilayers. The characteristics of the method such as up-scalability and cost-
effectiveness make the tape casting process one of the most used fabrication techniques in SOFC 
manufacturing. The tape casting process involves a suspension of a ceramic powder dispersed in a 
liquid media, which consists of a combination of solvent, dispersant, binder, and plasticizer. The 
suspension is spread on a flat surface using the knife-edge of a doctor blade with a controlled 
thickness and the solvents are allowed to dry prior to the sintering process. The tape thickness is 
controlled by the spacing between the edge of the knife and surface of the casting. The thickness of 
the casted tapes ranges typically between >10 µm [114]. Multilayer tapes can be casted by 
sequentially one layer on top of another. The resulting tapes can be delaminated from the casting 
surface and cut into the desired size prior to sintering [1], [114], [115]. Tape casting is typically 
used to fabricate interconnects, dense electrolytes, porous anode supports, and co-sintered 
electrode-electrolyte bilayers [99].  
 
Screen printing 
 
Following tape casting, screen-printing is the second most common technique to fabricate SOFC 
components. Similar to tape casting method, screen-printing is also cost-effective and easy to scale 
up. The screen-printing process involves a suspension of a ceramic powder dispersed in a liquid 
media, which consists of a combination of solvent, dispersant, and binder. The suspension has 
usually higher viscosity compared to the tape casting method, therefore it is known as “ink” [116]. 
A blade is moved along the patterned mesh to push the ink through the apertures on the mesh and 
to wet the substrate below, which leads to a film with thickness typically >5 µm after firing [114]. 
Layers with larger thicknesses can be deposited by sequential printing [48]. Screen-printing is 
mainly used to fabricate porous electrode layers and dense electrolyte layers on anode supports 
[114], [116].  
 
Die pressing 
 
Die pressing is commonly used to fabricate simple SOFC components such as electrolyte and 
electrode supports. The method involves the compaction of ceramic powders under high pressures 
within a die with the shape of the desired component and a subsequent sintering step. Depending 
on the powder formulation and sintering conditions, the microstructure of the resulting product 
can be controlled. It is also possible to fabricate SOFC components with multiple layers such as 
anode-electrolyte bilayers by co-pressing and co-sintering approaches [33], [117].  
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2.4.2. Thin Film Deposition Techniques 
 
In the last decades, thinner SOFC elements, particularly electrolytes with thicknesses below 1 µm, 
have been extensively investigated to compensate for the performance losses associated with the 
limiting ionic transport of the electrolyte materials. The advances in thin film deposition 
techniques have also lead to the emergence of a new platform known as micro-SOFCs. 
 
Sputtering 
 
Sputtering is a physical vapor deposition technique, in which material is eroded from a solid 
cathode target by bombardment with positively charged ions and deposited onto a surface. A noble 
gas (generally Ar) fed between the target and substrate is exposed to an electric field to induce 
ionization and eventually to generate plasma of electrons and positive ions. The positively charged 
ions accelerate towards negatively charged target. The momentum transfer leads the individual 
atoms or molecules to break free from the target material and sputtering of the thin films occurs. 
The potential at the metallic targets can be generated by DC power sources, but a radio frequency 
(RF) power source is needed to sputter dielectric materials [118]. In terms of the costs of 
equipment, sputtering is an expensive method and has a deposition rate of a few nanometers per 
minute. The sputtered films are polycrystalline with columnar microstructure. Varying the 
deposition conditions can control the film microstructure such as grain size and porosity [119]. 
Sputtering of thin film electrolytes especially YSZ [120]–[122] and GDC [123]–[125] have 
been primarily investigated in the SOFC field. On the other hand, porous NiO-YSZ [126], [127] 
anode layers have been successfully realized as thin-film anodes. Sputtering of LSC [128] and 
LSCF [129] thin-film cathodes on YSZ and GDC have been also reported.  
 
Pulsed laser deposition 
 
Pulsed layer deposition (PLD), similar to sputtering is also a physical vapor deposition technique, 
in which a high power laser pulses are employed to ablate material from a target composed of the 
desired thin film material. The ablation of the target material leads to the deposition of the target 
material onto a proximately positioned substrate. PLD has drawn increasing attention over the last 
two decades, since multi-component stoichiometric films can be fabricated from a single target 
[118].  
Dense SOFC thin-film electrolytes such as YSZ [130], [131], GDC [132], [133], and LSGM 
[134], [135] have been realized by PLD. Porous and dense electrodes such as LSM, BSCF, LSCF, 
LSC, NiO-GDC [136]–[140] have been also deposited using PLD. Recently, a thin YSZ-GDC bi-
layer electrolyte and a nanostructured LSC cathode layer have been sequentially deposited by PLD 
on a porous NiO-YSZ anode support and an extraordinary low temperature performance for the 
YSZ-based anode supported SOFC has been reported (500 mW cm-2 at 500 °C) [9]. Nevertheless, 
the difficulty of scaling up the process and the high cost of physical vapor deposition techniques 
are the most significant obstacles for the application of such techniques in the industrial 
production of SOFCs. 
 
Chemical vapor deposition 
 
Chemical vapor deposition (CVD) involves transport of a precursor gas or gasses onto heated 
substrates to be coated. The chemical reactions, which result in the deposition of desired product, 
happen near or on the hot surfaces. In thermally activated CVD, the deposition is initiated and 
continued by heat. There are variety of CVD processes utilized to fabricate SOFC components such 
as atomic layer deposition (ALD), metal-organic chemical vapor deposition (MOCVD), and aerosol-
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assisted chemical vapor deposition (AACVD) [141]–[145]. The CVD processes have been mainly 
used to fabricate dense and gas-tight electrolyte layers on dense and porous substrates [146].  
 
Spray deposition 
 
Spray deposition is a processing technique to fabricate dense and porous oxide films and ceramic 
coatings. Typical spray deposition equipment consists of an atomizer, precursor solution, substrate 
heater, and temperature controller. The deposition method has varieties in terms of the 
atomization technique such as pressurized gas spray deposition, ultrasonic spray deposition, and 
electrostatic spray deposition. All methods involve the generation of an aerosol of a liquid 
precursor solution, which is directed onto the heated substrate. The precursor solution in the 
aerosol phase undergoes the stages of evaporation and decomposition near or on the surface of the 
substrate, which leads to the deposition of the desired film on the substrate [119], [147].  
Spray deposition techniques have been extensively used to produce thin film components of 
SOFCs, since the process is cost-effective, versatile, and up scalable. Both dense electrolyte layers 
(YSZ [148], GDC [149]) and porous electrodes (LSCF [150], NiO-GDC [139]) have been 
fabricated by spray deposition methods.  
 
Spin- and dip-coating 
 
The spin- and dip coating processes are atmospheric, liquid-based methods and extensively used to 
fabricate thin ceramic coatings. In spin coating, the coating material within a suspension is applied 
to the center of the substrate and spread by centrifugal force. During the rotation, the excess 
coating material spins off the edges of the substrate and the remaining material on the substrate 
forms the desired film. The thickness of the film depends on several factors such as speed of 
spinning, viscosity and concentration of the suspension. In dip-coating process, a substrate is 
immersed into a reservoir of liquid precursor and withdrawn in a controlled way. As the substrate 
is withdrawn from the liquid media, a layer is deposited on the substrate. The deposition is 
influenced by several factors such as immersion time, withdrawal speed, number of dipping cycles, 
and concentration of the solution. In case of ceramic coatings, an annealing step is required to 
achieve crystallization and proper adhesion between the substrate and deposited film for both 
spin- and dip-coating processes [99]. 
Porous thin-film electrodes (LSM [151], [152], LSCF [153], [154], NiO-SGC [155]) and dense 
thin electrolytes (YSZ [156], [157] and GDC [158], [159]) on porous anode-supports have been 
successfully fabricated by spin- and dip-coating processes for the SOFC application.  
 
Metal organic deposition 
 
Metal organic deposition technique is an atmospheric, liquid-based, spin- or dip-on based method 
to fabricate thin films. In this technique, the precursor solution consisting of metal organic salts of 
the desired final product is applied onto a substrate in the form of uniform coating. Subsequent 
pyrolysis step leads the soft metal organic film to form the desired ceramic coating [91].  
The depositions of YSZ electrolyte [160], GDC buffer layer [161], porous LSM-YSZ composite 
cathode [162], and thin porous LSC cathodes [79] have been successfully demonstrated by metal 
organic deposition method.  
 
2.5. Current-Voltage Measurement 
 
As previously presented (Figure 2-3), the overall performance of a fuel cell is best described by its 
current density–voltage (j–V) response, which displays the voltage output for a given load of 
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current density. The j–V curve of a fuel cell is typically measured with a potentiostat/galvanostat 
setup, which draws a fixed current from the cell and simultaneously measures the corresponding 
output voltage. The complete j–V response of a fuel cell can be obtained by sweeping over the 
entire current range to a predetermined value. Typically, the current and the power outputs of the 
cells are normalized to the active surface areas leading to current and power densities for the ease 
of performance comparison among different types of fuel cells. To perform a reliable j–V analysis, 
a steady state system is required and the test conditions should be noted.  
The voltage drop of a fuel cell associated with a current load is not instantaneous and requires 
a period of time to reach its steady state conditions. This delay is caused by various factors such as 
unstable cell temperature and reactant concentrations. Thus, the measurements recorded under 
non-steady state conditions will be ambiguous. Typically, larger fuel cells need more time to reach 
steady state compared to small ones. Therefore, different approaches are used depending on the 
size of the fuel cell systems. For the large systems, the voltage response is monitored at a given 
current load until no significant change is observed in time. The j–V curve is plotted integrating a 
number of data points (10–20) to overcome the time constraints of the experiment. On the other 
hand, j–V curve measurements can be done in slow-scan mode for small fuel cells, as they reach 
the steady state conditions rather rapidly. The current load is gradually increased and the 
corresponding voltage response is recorded to generate the pseudo-steady state j–V curve. The 
most important requirement of pseudo-steady state measurements is to keep the sweep rate of the 
current load sufficiently slow. 
The fuel cell performance is dependent of the testing conditions and they should be 
documented in detail to make proper comparisons among distinct fuel cell systems. The most 
crucial test conditions to be noted are temperature, pressure, and flow rates of the fuel and 
oxidant. 
In general, j–V measurements are useful to illustrate the overall quantitative performance of a 
fuel cell system. However, it is also possible to extract the individual contributions to the voltage 
loss using the Tafel equation (Equation 2.24). The Ohmic and concentration contributions can be 
neglected at low current densities. As predicted by the Tafel equation, the j–V curves at low 
current densities show a linear behavior when plotted in logarithmic scale. The linear data fitting 
at low current density region and its extension through the j–V curve leads to an approximate 
estimation of activation losses and the sum of Ohmic and concentration losses separately at each 
current density [6]. 
 
2.6. Electrochemical Impedance Spectroscopy 
 
While the j–V measurements provide an overall quantification of the performance of a fuel cell; the 
major sources of polarizations associated with Ohmic, activation, and concentration losses can be 
accurately distinguished only by electrochemical impedance spectroscopy (EIS). This section of the 
thesis focuses only on specific features, which are particularly crucial for understanding of the EIS 
experiments and analyses presented later in Chapters 5 and 6.  
Analogous to the Ohmic resistance, the impedance is a measure of the opposition of a circuit 
to the flow of electrical current when a voltage is applied. Unlike resistance, impedance is a 
frequency-dependent phenomenon. Thus, impedance Z of a circuit is given by the ratio between 
the frequency dependent voltage, 𝑉(𝜔) and the current, 𝐼(𝜔) responses [6]: 
 
 
 
𝑍(𝜔) =
𝑉(𝜔)
𝐼(𝜔)
 (2.32) 
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where 𝜔 is the angular frequency. 
In an impedance spectroscopy experiment, the specimen is perturbed with a small alternating 
voltage, Δ𝑉(𝜔) and resulting current response, Δ𝐼(𝜔) is recorded.  
 
 
∆𝑉(𝜔, 𝑡) = 𝑉0 ∙ 𝑒
−𝑖∙𝜔∙𝑡 
∆𝐼(𝜔, 𝑡) = 𝐼0 ∙ 𝑒
−𝑖∙(𝜔∙𝑡+𝜙) 
(2.33) 
(2.34) 
 
where 𝑡 is the time, 𝑉0 and 𝐼0 are the voltage and current amplitudes, respectively, and 𝜙 is the 
phase difference between voltage and current. Then, the impedance Z is given by: 
 
 
 
𝑍(𝜔) =
𝑉(𝜔)
𝐼(𝜔)
=
𝑉0
𝐼0
∙ 𝑒𝑖∙𝜙 (2.35) 
 
The Euler relation (𝑒𝑖∙𝜙 = cos𝜙 + 𝑖 ∙ sin𝜙) leads to: 
 
 
 
𝑍(𝜔) = 𝑍′(𝜔) + 𝑖 ∙  𝑍′′(𝜔) (2.36) 
 
where 𝑍′(𝜔) and 𝑍′′(𝜔) are the real and imaginary parts, respectively. 
 
 
 
𝑍′(𝜔) = 𝑍𝑟𝑒𝑎𝑙 = |𝑍| ∙ cos𝜙 (2.37) 
 
 
 
𝑍′′(𝜔) = 𝑍𝑖𝑚𝑎𝑔 = |𝑍| ∙ sin𝜙 (2.38) 
 
 
 
|𝑍| =
𝑉0
𝐼0
= √𝑍′2 + 𝑍′′2 (2.39) 
 
The experimental impedance data are typically displayed in the forms of Cole-Cole (Nyquist) 
and Bode-Bode plots. In the former, the negative imaginary part of the impedance (−𝑍𝑖𝑚𝑎𝑔) is 
plotted versus the real part of the impedance (𝑍𝑟𝑒𝑎𝑙). The major shortcoming of this type of 
representation is the implicitness of the frequency data. In the Bode-Bode plots, the absolute 
impedance, |𝑍| and phase angle, 𝜙 are complementarily plotted versus frequency 𝜔 or 𝑓 = 𝜔 2𝜋⁄ . 
Like typical spectroscopic representations, the frequency data are displayed explicitly in Bode-Bode 
plots. Figure 2-12 illustrates the impedance data of two different circuits in the forms of Nyquist 
and Bode-Bode plots.  Depending on the complexity of the impedance data, the interpretation can 
be straightforward or very complicated. The most popular approach is the use of the equivalent 
model circuits, which approximates the measured impedance over the wide range of frequencies 
using various circuit elements such as resistors, inductors, capacitors, and their combinations. In a 
simplest case, the impedance behavior of an electrochemical interface reaction can be described by 
a parallel combination of a resistor (R) and a capacitor (C). The resistor models the kinetics of the 
electrochemical reaction, while the capacitor reflects the capacitive nature of the interface [6]. The 
impedance of this RC circuit is given by  
 
 
 
𝑍𝑅𝐶(𝜔) =
𝑅
1 + 𝑖 ∙ 𝜔 ∙ 𝑅 ∙ 𝐶
 (2.40) 
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In the complex impedance plane, such an element illustrated in Figure 2-12a leads to a 
semicircle with a diameter of R1, which provides information about the polarization of an 
electrochemical process. At high frequency region, the impedance of the system approaches zero 
because the capacitors act as short circuits. On the other hand, capacitors act as open circuits at 
low frequencies. Therefore, the impedance response of the resistor itself defines the impedance of 
the system. In the intermediate frequency regime, impedance response of the system is both 
capacitive and resistive. The frequency at the apex of the semicircle, 𝜔𝑅 (i.e., relaxation frequency) 
is given by the time constant of the interface (𝜏𝑅𝐶) [6]:  
 
 
 
𝜔𝑅 =
1
𝜏𝑅𝐶
=
1
𝑅 ∙ 𝐶
 (2.41) 
 
Two RC elements joined in series lead to well-separated semicircles (Figure 2-12c) in case 
they have sufficiently different relaxation frequencies. For a real system, the impedance responses 
of different processes with similar resistances can be easily distinguished if their capacitances differ 
greatly. The characteristic capacitance values in solid-state ionics depend strongly on the physical 
origin of the particular process (Table 2-2). Therefore, impedance spectroscopy is one of the most 
attractive characterization tools in electrochemistry.  
Figure 2-12: Simulated impedance spectra of a) one RC element (R0=25 Ω, R1=75 Ω, and C1= 10
-6 F) and b) two  RC 
elements connected in series with considerably distinctive relaxation times (R0=25 Ω, R2=50 Ω, C2= 10
-5 F, R3=25 Ω, 
C3= 10
-2 F). The Bode-Bode plots of the curcuits with one (b) and two (d) R-C elements are displayed next to the 
corresponsing Nyquist plots. 
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Table 2-2: Typical capacitance values for different physical processes for thin film mixed ionic electronic conducting 
cathodes [98]. 
Capacitance Origin 
Typical value 
[F/cm2] 
Cbulk Dielectric relaxation in bulk material ~10−12 
Cgb Grain boundary polarization in a polycrystalline material ~10−8 
Cdl Electrical double layer polarization at solid/solid interface ~10−5 
Cchem 
Oxygen stoichiometry polarization in the bulk of a mixed 
conducting thin film electrode 
~10−2 
 
In case of non-ideal (real) systems, a so-called constant phase element Q is typically used 
instead of the capacitor of an RC element. The deviation of the impedance response from the ideal 
RC behavior usually stems from the three-dimensional nature of the interfaces and local 
inhomogeneity in the material [163], [164]. The impedance of a constant phase element is given 
by 
 
 
 
𝑍𝑄(𝜔) =
1
𝑄 ∙ (𝑖 ∙ 𝜔)𝑛
 (2.42) 
 
And the impedance of an RQ element, 𝑍𝑅𝑄(𝜔) becomes 
 
 
 
𝑍𝑅𝑄(𝜔) =
𝑅
1 + 𝑅 ∙ 𝑄 ∙ (𝑖 ∙ 𝜔)𝑛
=
𝑅
1 + (𝑖 ∙ 𝜔 ∙ 𝜏𝑅𝑄)𝑛
 (2.43) 
 
with a time constant, 𝜏𝑅𝑄: 
 
 
 
𝜏𝑅𝑄 = √𝑅 ∙ 𝑄
𝑛
 (2.44) 
 
where n is a measure of the degree of deviation from the ideal system. For n=1, the constant 
phase element is nothing but a capacitance. As the value of n gets smaller than unity, the 
impedance response starts to deviate from the ideal RC behavior and appear as depressed 
semicircles as illustrated in Figure 2-13. From the fitting parameters of Q and n, the true 
capacitance of the corresponding electrochemical process, C* and corresponding relaxation 
frequency, f* can be calculated according to 
 
 
 
𝐶∗ = √(𝑅1−𝑛 ∙ 𝑄)
𝑛
 (2.45) 
and  
 
 
𝑓∗ =
1
2𝜋
(𝑅 ∙ 𝑄)−
1
𝑛 (2.46) 
, respectively.  
 
However, such depressed semicircles can also emerge from two or more serial RC processes 
with comparable relaxation frequencies. Therefore, a great attention must be paid in the process of 
fitting the experimental data using equivalent circuits. Typically, the relaxation frequencies depend 
strongly on experimental conditions such as temperature and partial pressures of reactant species. 
By changing them in a systematic manner, separate impedance responses for different processes 
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can be distinguished. In this work, the experimental impedance data are also interpreted using the 
equivalent circuit models commonly proposed in the literature. When the model is thought to be 
unreliable, the polarization values are estimated simply by projecting the impedance data on the 
real axis of the complex impedance plane.  
The obtained polarization data from the EIS experiments are commonly normalized to the 
geometry of the specimen, since fuel cells are generally compared on a unit-area basis. The area-
normalized resistance, also known as area-specific resistance (ASR), is a measure of polarization 
losses with the unit of Ω cm2 and given by 
 
 
 
𝐴𝑆𝑅𝑝𝑜𝑙 = 𝐴𝑟𝑒𝑎𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙 ∙ 𝑅𝑝𝑜𝑙 (2.47) 
 
2.7. Performance Evaluation  
 
In the literature, the area-specific resistance and power density values are regularly used to define 
and compare the performance of individual SOFC components and complete cells. The electrodes 
are compared in terms of activation and mass transport polarizations, while the electrolytes are 
rated according to their contribution to the Ohmic polarization of the SOFC. In general, the 
maximum power density obtained from a SOFC is highly dependent on the different sources of 
polarizations of each cell element. 
A few examples of activation polarizations arising from the (B)LSC(F)-based cathodes and the 
Ni-based cermet anodes are given in Table 2-3 and Table 2-4, respectively. Different performances 
of the comparable electrode material systems are deliberately exemplified within each table to 
illustrate the broad range of performance reported in literature. The deviations within the ASR 
values by one or two orders of magnitude is particularly caused by the variety of the fabrication 
techniques and resulting microstructural features. Similarly, the power outputs of anode-supported 
SOFCs fabricated using the electrode materials mentioned above are listed in  Table 2-5. 
Approximately one order of magnitude performance deviation of the SOFCs operating at the same 
temperature and under similar conditions does not stem only from distinctive performances of 
electrodes but also from the Ohmic polarization management of the electrolyte layers.  
Figure 2-13: Simulated impedance spectra of one RQ element (R0=25 Ω, R1=75 Ω, and C =  10
-6 F) for different n values 
in Nyquist and Bode-Bode plots. For n=1, the impedance response of the RQ element is idential to of the RC element 
shown in Figure 2-12a. As the value of n gets smaller than 1, depressed semicircles are obtained. 
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Table 2-6 compares the open-circuit voltage and electrochemical performance of different 
micro-SOFCs. Even though a direct comparison in terms of cell performance is difficult to make 
due to the non-uniformity of the test conditions (i.e., temperature and fuel composition), it is 
possible to state that the membranes, which are not gas tight, lead to low open circuit voltages and 
eventually poor electrochemical performance of micro-SOFCs. Therefore, a great effort has been 
invested to fabricate thermomechanically stable thin-film electrolyte membranes. Further advances 
have shown that an increase of the active membrane area through three-dimensional 
nanopatterning (i.e. corrugating) is one of the most efficient approaches to obtain high 
performance micro-SOFCs. An et. al. have reported a sensational high power output of 1.3 W/cm2 
at 450 °C [17]. Nevertheless, the cost and the solid-state dewetting of Pt thin-film electrodes 
demand for the integration of oxide- and cermet-based electrodes into the micro-SOFC technology. 
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3. Experimental Methods 
 
3.1. Nanoparticle Synthesis 
 
The cathode and anode nanoparticles are synthesized by ultrasonic spray pyrolysis (USP) and salt-
assisted spray pyrolysis (SASP) techniques, where in the latter the precursor solution is modified 
by the addition of NaCl. Figure 3-1 shows the schematic view of the synthesis setup, which consists 
of four major parts: a precursor delivery unit (atomization chamber and a gas supplying unit), a 
hot-wall reactor for the pyrolysis, a filter-based powder collection unit, and a vacuum pump.  
A pressure gradient is achieved using a vacuum pump located at the end of the synthesis line. 
The pressure is maintained at 900 mbar using a Baratron pressure gauge (MKS Instrument 628A) 
positioned between the pyrolysis zone and the powder collection unit, a butterfly valve (MKS 
Instruments 253B), and a pressure controller (MKS Instrument 651C).  
In the atomization chamber, the precursor solution is nebulized by a transducer (TDK, NB 
series, Japan) operating at resonant frequency in the range of 1.6–1.75 MHz. The atomized 
precursor droplets are carried into the pyrolysis zone continuously by a constant O2 gas flow (5 
SLM, N48) regulated by a mass flow controller (MKS Instruments 1179A) and a gas controller 
(MKS Instrument 647B). The pyrolysis zone consists of a 450 mm long horizontal tube furnace 
(CTF 1200, Carbolite, UK) and an aluminum oxide tube (Degussit AL23, Friatec, Germany) with 
an inner diameter of 20 mm. The pyrolyzed nanoparticles are collected on a glass fiber filter 
(Sartorius, Germany) located in the powder collection unit, which is kept above 120 C using a 
heating tape (HBS 450, Horst, Germany) to avoid the water vapor condensation. At the end of the 
synthesis, the powder is scraped off from the filter.  
Figure 3-1: Schematic view of the ultrasonic spray pyrolysis setup. 
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The water-based precursor solutions to synthesize the nanoparticles of La0.6Sr0.4CoO3-δ (LSC), 
La0.5Sr0.5Mn0.5Co0.5O3-δ (LSMCo), La0.9Sr0.1Mn0.5Cr0.5O3-δ (LSMCr), and NiO-Ce0.8Gd0.2O2-δ (NiO-
GDC20, 60-40 wt.%) are prepared by dissolving the corresponding metal nitrates 
stoichiometrically in deionized water. For each synthesis, the concentration of the total metal ions 
in the precursor solutions is fixed to 0.05 M, while the concentration of NaCl is varied within the 
range of 0–1 M. The precursors used to synthesize the LSC, LSMCo, LSMCr, and NiO-GDC20 
powders are listed in Table 3-1. 
Table 3-1: The chemicals used for the precursor solutions. 
Precursor Provider Purity (%) 
La(NO3)36H2O Sigma-Aldrich, Germany 99.99 
Sr(NO3)2 Sigma-Aldrich, Germany 99 
Co(NO3)36H2O Sigma-Aldrich, Germany 98 
Mn(NO3)34H2O Merck, Germany 99.5 
Cr(NO3)39H2O Alfa Aesar, Germany 99.99 
Ni(NO3)36H2O Sigma-Aldrich, Germany 99.999 
Ce(NO3)36H2O Alfa Aesar, Germany 99.99 
Gd(NO3)36H2O Sigma-Aldrich, Germany 99.99 
NaCl Sigma-Aldrich, Germany 99.5 
 
3.2. Fabrication of Fuel Cell Components 
  
3.2.1. Spin Coating 
 
The thin film electrodes and Ce0.8Gd0.2O2-δ (GDC20) interlayers are fabricated by spin coating of 
stabilized suspensions of LSC, LSMCo, LSMCr, NiO-GDC20, and commercial GDC20 (Ce0.8Gd0.2O2-
δ; particle size <100 nm, specific surface area >100 m
2/g, Sigma-Aldrich, Germany) nanoparticles. 
The GDC20 interlayers are only used when LSC, LSC-GDC20, LSMCo, and LSMCr electrodes are 
deposited on YSZ substrates (8 mol.% Y2O3, thickness: 200 m, Itochu, Japan) to prevent 
undesired interfacial reactions leading to the formations of SrZrO3 and La2ZrO7 phases taking 
place at elevated temperatures. A three-step spin coating procedure is developed to fabricate all 
thin film components (Table 3-2). For the spin-up step, a relatively high acceleration is chosen to 
obtain a full coverage of the substrate surface with the suspensions. A solvent evaporation step of 
three minutes is used to ensure the substantial removal of solvent from the spin-coated layers. 
Lastly, the residual suspensions typically accumulated at the edges of the substrates are removed 
owing to the high acceleration of the final spin-off step.  
 
Figure 3-2: The schematic view of the sample holder designed to prepare symmetrical samples by spin coating. 
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Table 3-2: The three-step spin coating procedure for the thin film fabrication. 
Steps Acceleration (rpm/s) Speed (rpm) Duration (s) 
Spin-up 100 2000 20 
Solvent evaporation 0 2000 180 
Spin-off 200 3000 5 
 
Subsequent to the spin coating, the samples are annealed to achieve a proper adhesion to the 
underlying substrates. The GDC20 interlayers are annealed at 950 C for 4 h in air, while the 
electrode layers are annealed in the temperature range of 550–1000 C for 2 h in air. A heating 
and cooling rate of 3 C/min is used for all samples. 
The original sample holder (the vacuum chuck) of the spin coater is not appropriate for the 
symmetrical sample preparation, as it is not possible to fabricate thin films on both sides of the 
substrates without damaging the already deposited layers. Therefore, a spring-loaded sample 
holder (Figure 3-2) is designed to enable symmetrical electrode deposition.  
 
3.2.2. Screen Printing 
 
Screen printing is used to fabricate the current collector layers for cathodes, the electrolyte layers 
on the anode supports, and thick LSC cathodes.  
The LSM ink ((La0.8Sr0.2)0.95MnO3-δ ; d50: 0.39 m, specific surface area: 4.66 m
2/g, solid 
loading: 62–72 wt.%, Fuel Cell Materials, USA) for the cathode current collector layers is 
commercially available, while the YSZ and GDC electrolyte inks are prepared by ball milling the 
commercially available YSZ ((Y2O3)0.08(ZrO2)0.92; d50: 0.5–0.7 m, specific surface area: 6–9 m
2/g, 
tape casting grade, Fuel Cell Materials, USA) and Ce0.90Gd0.10O2-δ (GDC10; d50; 0.1–0.4 m, 
specific surface area: 5–8 m2/g, tape casting grade, Fuel Cell Materials, USA) powders with a 
terpineol based ink vehicle (Fuel Cell Materials, USA) at a vibrational frequency of 25 Hz for 20 
minutes. The solid loadings of the 8YSZ and GDC10 inks are adjusted to 75 wt.%. The inks for the 
deposition of the thick LSC cathode layers are prepared also by ball milling (at a vibrational 
frequency of 25 Hz for 20 minutes) the synthesized LSC nanoparticles with the terpineol based ink 
vehicle. The solid loading of the LSC ink is adjusted to 40 wt.%. 
After the screen printing using a 325-mesh screen (i.e., 325 wires/inch), the samples are dried 
at 100 C for 2 h. The LSM current collector layers are annealed in-situ during the high 
temperature electrochemical testing (at 550–750 C for 1 h in air) to burn off the organic 
component of the ink and achieve a proper adhesion to the underlying cathode layers. High 
annealing temperatures are not preferred to sustain the nanostructured features of the cathode 
layers underneath. On the other hand, to achieve dense and gas-tight 8YSZ and GDC10 electrolyte 
layers, high sintering temperatures and long durations are required, i.e., 1350–1450 C for 3 h in 
air. 
 
3.2.3. Powder Consolidation 
 
To fabricate electrolyte substrates and anode supports, corresponding powders are consolidated by 
uniaxial pressing (497 MPa, diameter of 8 mm) and subsequently heat-treated.  
To form the electrolyte substrates, Ce0.9Gd0.1O2-δ powders (GDC10; d50: 0.1–0.4 m, specific 
surface area: 5–8 m2/g, tape casting grade, Fuel Cell Materials, USA) are compacted and 
consequently sintered at 1400 °C for 3 h in air with a heating and cooling rate of 2 C/min. While 
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NiO-GDC20 powders obtained from salt-assisted spray pyrolysis are compacted to form the anode 
supports and then sintered at 900 °C for 2 h in air with a heating and cooling rate of 1 C/min. 
 
3.3. Fabrication of Micro-SOFCs 
 
This part of the work is done as a collaboration project between the Joint Research Laboratory 
Nanomaterials (TU Darmstadt, Germany) and the Nonmetallic Inorganic Materials (ETH Zürich, 
Switzerland) groups. The Si-based micro-SOFCs with freestanding electrolytes are fabricated at 
ETH Zürich, while thin LSC cathodes are integrated into micro-SOFCs at TU Darmstadt. 
Ultimately, the fuel cell tests are conducted at ETH Zürich.  
The microfabrication flowchart illustrated in Figure 3-3 shows two different fabrication 
approaches to obtain the identical end product. The distinct approaches are followed to create 
different platforms for the deposition of LSC cathodes: (i) pre-etched (3YSZ|Si3N4|Si) (Figure 3-3c 
left) and (ii) freestanding (3YSZ|Si3N4) (Figure 3-3c right) membranes.   
i) To fabricate pre-etched (3YSZ|Si3N4|Si) membranes for the LSC deposition, the double side 
Si3N4 coated (200 nm) silicon chips (2 × 2 cm
2, 380 m thick) are used as substrates. The surface 
of the bottom Si3N4 is partially structured using photolithography and reactive ions etching (Figure 
3-3, step a). The wet pre-etching of Si chip is performed at 90 °C in a custom-made bath filled with 
20 mol.% aqueous KOH solution (Figure 3-3, step b). The YSZ (3 mol.% Y2O3, 3YSZ) films with a 
thickness of 300 nm are fabricated by PLD (Surface PLD workstation, Hückelhoven, Germany) 
with a 248 nm excimer laser (fluence of 2.1 J/cm2). The target–substrate distance and the 
substrate temperature are adjusted to 5.5 cm and 400 °C, respectively. The oxygen pressure is set 
to 2.67·10-6 mbar (2 mTorr) (Figure 3-3, step c). The LSC films with a thickness of 250 nm are 
deposited on the 3YSZ electrolytes by a single-step spin coating (spin speed: 1200 rpm, 
acceleration: 200 rpm/s, spin duration: 150 s) of stabilized suspensions of LSC with solid loading 
of 10 wt.%, followed by annealing at 550 °C for 1 h in air with a heating and cooling rate of 3 °C 
min–1 (Figure 3-3, step d). A protective coating (FSC-H, Rohm and Haas, Coventry, UK) is brushed 
on the LSC thin film side of the Si chips to protect the films against KOH attack during the 
complete wet etching of the Si (Figure 3-3, step e). The remaining Si is then removed by the 
second wet etching step in KOH until the top layers are visible as freestanding membranes and the 
protective coating is removed by acetone (Figure 3-3, step f). The underlying Si3N4 layer is 
removed by reactive ion etching (RIE80 Oxford Instruments UK, 50 sccm CHF3 and 5 sccm O2 at 
100 W for 200 s) to yield Si chips with 30 free-standing LSC|3YSZ membranes (Figure 3-3, step 
g).  
ii) To fabricate freestanding (3YSZ|Si3N4) membranes for the LSC deposition, the silicon chips 
(2 × 2 cm2, 380 m thick) with 30 integrated free-standing Si3N4 membranes (390 × 390 m
2, 
200 nm thickness) are purchased from Embedded Microsystems Bremen, Germany (Figure 3-3, 
right). The YSZ (3 mol. % Y2O3, 3YSZ) films with a thickness of 300 nm are fabricated by PLD 
(Surface PLD workstation, Hückelhoven, Germany) with a 248 nm excimer laser (fluence of 2.1 
J/cm2). The target–substrate distance and the substrate temperature are adjusted to 5.5 cm and 
700 °C, respectively. The oxygen pressure is set to 2.67·10-6 mbar (2 mTorr) (Figure 3-3, step c). 
The LSC films with a thickness of 250 nm are deposited on the 3YSZ electrolytes by a single-step 
spin coating (spin speed: 1200 rpm, acceleration: 200 rpm/s, spin duration: 150 s) of stabilized 
suspensions of LSC with solid loading of 10 wt.%, followed by annealing at 550 °C for 1 h in air 
with a heating and cooling rate of 3 °C/min (Figure 3-3, step d). The underlying Si3N4 layer is 
removed by reactive ion etching (RIE80 Oxford Instruments UK, 50 sccm CHF3 and 5 sccm O2 at 
100 W for 200 s) to yield Si chips with 30 free-standing LSC|3YSZ membranes (Figure 3-3, step 
g).  
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For both types of the samples, an 80 nm thin Pt anode is deposited at 25 °C by d.c. magnetron 
sputtering (PVD products, Wilmington, MA, USA) in 0.999·10-4 mbar (75 mTorr) of Ar and 100 W 
plasma power during 246 s onto the entire rear side of the Si wafer piece (Figure 3-3, step h). 
Either the complete micro-SOFC array consisting of 30 freestanding membranes is 
electrochemically characterized or the micro-SOFCs are separated from each other carefully by 
scratching off the LSC layers around the membranes (Figure 3-3, step i). The freestanding 
membranes are examined by light microscopy (Polyvar MET, Reichert-Jung, Depew NY, USA) after 
each deposition step and after fuel cell testing.  
 
 
 
Figure 3-3: Microfabrication process of the free-standing LSC|3YSZ|Pt micro- SOFC membranes. 
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3.4. Fabrication of Anode-supported SOFCs 
 
Figure 3-4 shows the major steps of the fabrication process of the anode-supported SOFCs 
consisting of the methods introduced in the Section 3.2. NiO-GDC20 nanopowders (salt-assisted 
spray pyrolyzed, 60:40 by weight) are consolidated by uniaxial pressing (497 MPa, diameter of 8 
mm, thickness of 0.8–1 mm) and partially sintered at 900 °C for 2h (Figure 3-4, step a). The 
GDC10 electrolyte layer is deposited on pre-sintered anode supports by screen printing and dried 
at 100 C for 2 h. The anode-electrolyte bilayers are fully sintered at 1400 C for 3h in air to 
achieve a gas tight electrolyte layer (Figure 3-4, step b). LSC cathodes are deposited either by spin 
coating or by screen printing to obtain cathode layers with low (below 1 µm) and high (10–15 µm) 
thicknesses, respectively. After the deposition of cathode layers, the samples are annealed at 900C 
for 2 h in air (Figure 3-4, step c). Finally, the commercially available LSM ink is screen-printed on 
the spin-coated LSC cathodes as current collector layers and dried at 100 C for 2 h (Figure 3-4, 
step d), while the cells with screen-printed LSC cathodes are characterized without a current 
collector layer.  
 
 
 
3.5. Characterization Methods 
 
3.5.1. Scanning Electron Microscopy 
 
The scanning electron microscopy (SEM) analyses are performed to characterize the 
microstructure of the synthesized nanoparticles and the fabricated fuel cell components using 
either a LEO GEMINI 1530 (Zeiss, Germany) or a Philips XL30 FEG. For the micro-SOFC samples, 
the thicknesses of the electrodes and electrolyte are determined from focused ion beam (FIB; 
Helios Nanolab 600i, FEI, The Netherlands) cross-sectional images. The samples are first protected 
by a carbon deposition and the trenches are milled down using an ion current of 7.7 pA under an 
acceleration voltage of 30 kV. 
Energy dispersive X-ray spectroscopy (EDS) analyses within the Philips XL30 FEG SEM are 
performed to confirm the elemental compositions of the synthesized nanoparticles. 
Thin conductive films of either Au-Pd or Au are sputtered onto the SEM specimens using 
Quorum Q300T D or Balzers SCD 050 sputter coaters to prevent the electrical charging, while the 
EDS specimens are coated by carbon using the Balzers SCD 050 sputter coater in carbon filament 
evaporation mode. 
 
 
 
Figure 3-4: Fabrication process of the anode-supported SOFCs. 
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3.5.2. Transmission Electron Microscopy  
 
The scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy 
(EDS) analyses are carried out for representative powder samples in a FEI Titan 80-300 
transmission electron microscope. The powders are first dispersed in ethanol and then dropped 
onto the TEM Cu grids.  
 
3.5.3. Low Temperature Nitrogen Adsorption 
 
The specific surface areas of the synthesized nanoparticles are evaluated using a low-temperature 
nitrogen adsorption instrument (Autosorb-3b, Quantachrome, USA). Prior to the measurement, the 
samples are degassed at 150 °C for approximately 15 h under vacuum to remove the moisture and 
any adsorbed gasses. The specific surface area is extracted from the linear part of adsorption curve 
according to the Brunauer–Emmett–Teller (BET) method [194]. 
 
3.5.4. X-ray Diffraction 
 
X-ray diffraction (XRD) patterns are recorded in the Bragg-Brentano (-2) geometry for every 
synthesized sample using a D8 Advance X-ray diffractometer (Bruker AXS, Germany) with Ni-
filtered Cu Cu Kα radiation (=0.15406 nm) generated at 30 kV and 40 mA. A position sensitive 
detector (VÅNTEC-1) with a fixed divergence slit of 0.3° is used to collect the XRD data. For most 
of the samples a 2 scan range of 15-85°, a step width of Δ(2)=0.015 and an acquisition time of 
1.0 second per step are used. 
The structure refinements and quantitative phase analyses of the as-recorded patterns are 
carried out by the Rietveld method using the software TOPAS 4.2 (Bruker AXS, Germany). The 
instrumental broadening for the XRD data is determined using the scans of the reference LaB6 
(NIST 660a) powder. 
 
3.5.5. Dynamic Light Scattering & Zeta Potential Measurements 
 
The particle size distribution and zeta potential measurements are carried out using a ZetaSizer 
Nano ZS (Malvern Instrument, UK). The as synthesized nanoparticles are dispersed in either acidic 
or basic solvents depending on the stability of the material using a compact ultrasonic finger 
(Hielscher UP400H, Germany) subsequent to the removal of NaCl by water rinsing. The 
measurements of size and zeta potential are performed simultaneously over the pH range of 2–12. 
 
3.5.6. High Temperature Impedance Spectroscopy 
 
The electrochemical characterization of the symmetrical cells is conducted by impedance 
spectroscopy using a Solartron 1260 impedance/gain-phase analyzer. To perform high 
temperature impedance measurements (in the temperature range of 350–650 °C), two different 
sample holders are used. The impedance measurements of symmetrical cathode samples are 
performed using the in-house built setup [195]. The samples are positioned between two alumina 
pieces, which are slotted to allow a homogeneous gas distribution over the surfaces of the samples. 
Platinum meshes (mesh 100) are used as metallic electrodes on both sides of the sample. Two 
platinum wires are spot-welded to each mesh to serve as current and voltage probes. The proper 
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contacts between the sample and Pt meshes are achieved using an alumina piece with an 
approximate weight of 100 g.   
Since low partial pressure of oxygen is crucial for the anode impedance measurements, a gas 
tight sample holder is built using the same principle of sample fixing. The schematic view of the 
sample holder is given in Figure 3-5, which consists of an alumina tube (OD=40 mm, length=350 
mm, with one closed end, Friatec Degussit AL23), an alumina sample holder with Pt gauze probes, 
a tube furnace, and a KF flange with the electrical, gas and thermocouple feeds. The platinum 
wires and electrical feeds within the KF flange are shielded carefully. The gas inlet line is fed 
through the flange and located close to the sample to ensure homogeneous gas distribution around 
the sample. In addition to the thermocouple of the tube furnace, two thermocouples are positioned 
very close to the sample to ensure precise measurement of the sample temperature. The partial 
pressures of oxygen and hydrogen gasses within the sample holders are adjusted by diluting the 
oxygen and ARCAL 15 (5 ± 0.5 vol.% H2 in Ar) gasses with nitrogen and argon, respectively, using 
mass flow controllers. A water bubbler is used to humidify the gas mixtures at room temperature 
for the anode measurements.  
The sample measurement geometry is schematically represented in Figure 3-6. The typical 
thickness is below 1 m for the thin electrodes, while the thickness of the current collector layer 
Figure 3-5: The schematic view of the sample holder for high temperature impedance measurements of symmetrical 
anode samples (not to the scale). 
Figure 3-6: Schematic view of the symmetrical electrode samples (not to the scale). 
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varies depending on the electrode. A screen-printed LSM current collector layer with the thickness 
of 10–15 m is used to measure the cathodes symmetrically, whereas an 80 nm thick platinum 
layer is sputtered symmetrically onto the anodes for the impedance measurements. The 
corresponding thickness values are confirmed by SEM images.  
 
3.5.7. Fuel Cell Testing 
 
Micro-SOFC testing 
 
The micro-SOFC tests are conducted at ETH Zürich. The schematic view and the photograph of the 
measurement setup are given in Figure 3-7a and c, which consists of two parallel quartz glass tube 
assemblies for the gas delivery. The Si chips with micro-SOFC arrays are positioned between the 
openings of the quartz tubes and sealed using a ceramic fiber paper (Fiberfrax, Unifrax, UK). For 
the fuel cell testing, the freestanding micro-SOFC membranes are contacted using flat-pressed Pt 
wires (80 m diameter), with the bent wire tip being covered with Pt paste. The Pt-electrode 
contacts are confirmed by the optical microscopy images. The micro-SOFC membranes are 
electrochemically tested with a Zahner IM6 workstation between 300 °C and 550 °C with air (1 
bar, 268 sccm) as the oxidant and 3 vol. % humidified H2 (1 bar, 54 sccm) diluted in N2 (1 bar, 
214 sccm) as fuel. Figure 3-7d shows a micro-SOFC array in the test-rig and the corresponding 
temperature-time profile of the fuel cell measurement. All samples are heated at 3 °C/min and 
Figure 3-7: Schematic view (left) and photograpgh (right) of the setup used for fuel cell testing of micro-SOFC samples 
(not to the scale). A contacted micro-SOFC in the test-rig (left) and the temperature-time profile of the fuel cell testing 
(right). 
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cooled at 2 °C/min.  
 
Anode-supported SOFC testing 
 
The schematic view of the measurement setup is given in Figure 3-8. Pt mesh (mesh 100)-Pt wire 
(100 m diameter) assemblies are contacted to the anode and cathode layer using an Au paste 
(85–90 wt.% Au, ChemPur, Germany). The anode supported SOFCs are fixed to the one open end 
of an alumina tube (OD=10 mm, ID=8 mm, Friatec Degussit AL23) using a high temperature 
ceramic paste (Cerambond 522, Aremco Products Inc., USA).  The ceramic paste and a gas tight 
Swagelok connection with a gas inlet and a gas outlet located on the other side of the alumina 
tube accomplish the sealing of the anode side. A thermocouple is positioned adjacent to the sample 
to record the sample temperature. The test-rig is placed horizontally into a tube furnace and air is 
supplied towards the cathode side of the sample using an alumina tube with a larger diameter. The 
necessary temperature profile to cure the ceramic paste (93 °C for 2 h + 260 °C for 2 h) is 
performed in-situ within the fuel cell testing during the heating-up step up to 700 °C supplying air 
flow of 250 sccm for both sides of the sample. After a dwell time of 1 hour at 700 °C under air (the 
organic component of the Au paste is burnt off and proper electrical contacts between electrode 
layers and Pt meshes are achieved), the anode side is exposed to a reducing atmosphere (5 vol.% 
H2 in Ar) for 1 hour to realize the complete reduction of NiO to Ni. All samples are heated at 2 
°C/min and cooled at 3 °C/min. Electrochemical characterization is conducted using a Solartron 
Figure 3-8: Schematic view of the setup used for fuel cell testing of anode-supported SOFC samples (not to the scale). 
Figure 3-9: A contacted anode-supported SOFC sample fixed to an alumina tube using a high temperature ceramic paste 
and the time-temperature program of the fuel cell testing with in-situ curing of the ceramic paste. 
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1260 Impedance gain/phase analyzer coupled to a Solartron 1287 electrochemical interface 
between 650 °C and 450 °C with air (1 bar, 250 sccm) as the oxidant and humidified 5 vol.% H2 in 
Ar (1 bar, 1000 sccm) as fuel. Figure 3-9 shows an anode-supported SOFC sample fixed to the 
sample holder (before the measurement) and the corresponding temperature-time profile of the 
fuel cell measurement.  
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4. Nanostructured Electrode Materials 
 
The electrochemical performance of SOFCs strongly depends on the characteristics of their 
electrode layers such as microstructural features and material choice. To improve the performance 
of SOFCs, nanostructured electrodes have been considered, as their high surface area to volume 
ratio creates a large number of active sites for the electrochemical processes. Furthermore, the 
performance can be improved by engineering novel electrode materials with enhanced catalytic 
activities, which is typically accomplished by tailoring the properties of potential electrode 
materials. The desired material properties of electrode materials such as conductivity, phase 
stability, and thermal expansion behavior are obtained by precise elemental doping. Therefore, 
novel processes are needed for the synthesis of nanostructured electrode materials with the control 
of morphology, particle size, chemical composition, and phase purity and distribution.  
Nanostructured electrode materials for SOFCs can be obtained by a large variety of bottom-up 
methods based on liquid-, aerosol- or vapor-phase processes [33], [54], [196]. Wet chemical 
routes such as precipitation and sol-gel synthesis methods have been extensively used to obtain 
various metal oxide nanoparticles. Even though powders with small grain sizes can be produced, 
the formation of hard agglomerates is mostly unavoidable [197], which leads to a substantial 
reduction of the active surface area. Nevertheless, it is possible to obtain nanoparticles with low 
degree of agglomeration by using steric stabilization agents [198] but the additional annealing 
steps required to burn off the organic surfactants and to promote the crystallization might lead to 
grain growth and alter the morphology of the particles. Among the vapor-phase synthesis 
processes, flame spray pyrolysis and chemical vapor synthesis are the most widely used ones to 
manufacture commercial quantities of nanoparticles. However, it is not trivial to control the 
morphology and size of the particles in the case of flame spray pyrolysis [199]. Powders 
synthesized by chemical vapor synthesis consist of typically non-agglomerated nanoparticles with 
narrow size distributions [200], yet it is challenging to control the stoichiometry of multi-
component metal oxide nanoparticles due to the individual evaporation behavior of the metal-
organic precursors. In comparison to the previously mentioned synthesis techniques, aerosol-based 
synthesis methods such as spray pyrolysis can be a more versatile and economically alternative to 
synthesize nanostructured materials [201]. The control of particle size and morphology can be 
accomplished by adjusting the process parameters such as atomization technique, time-
temperature history, and precursor chemistry. Furthermore, the stoichiometric retention on the 
droplet scale is particularly advantageous for the synthesis of multi-component metal oxide 
nanoparticles in terms of homogeneous chemical composition and phase distribution. 
Within this chapter, the state of art electrode materials La0.6Sr0.4CoO3-δ (LSC) and NiO-
Ce0.8Gd0.2O2-δ (NiO-GDC20) are synthesized by ultrasonic spray pyrolysis (USP) and salt-assisted 
spray pyrolysis (SASP) methods and are characterized in terms of morphology, chemical 
composition and crystal structure. The results of the prospective anode material systems of 
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La0.5Sr0.5Mn0.5Co0.5O3-δ (LSMCo) and La0.9Sr0.1Mn0.5Cr0.5O3-δ (LSMCr) are not reported due to their 
poor electrochemical performance. 
 
4.1. Morphology 
 
In USP method, a precursor solution is atomized into droplets by a piezoelectric transducer and 
continuously carried into a hot reaction zone. The precursor droplets undergo a series of stages 
within the pyrolysis zone, i.e., solvent evaporation, solute precipitation, decomposition, and 
sintering (Figure 4-1a). The final particle size of the product essentially depends on the generated 
precursor droplet size, since the concept of the synthesis method relies on the fact that one droplet 
forms one product particle [201]. The SEM images of the as-synthesized powders of LSC and NiO-
GDC20 show the typical hollow sphere morphology of ultrasonic spray pyrolysis (Figure 4-1b–c). 
Such shell-like particle morphology is observed when the precursor concentrations are relatively 
low. The evaporation of the solvent from the droplet surface occurs at a rate faster than the 
diffusion of the solute, which leads to an increase of the solute concentration near the surface of 
the droplets. Above the critical super-saturation concentration, the solute starts to precipitate and 
decompose on the surface of the droplets, thereby resulting in a shell-like particle formation [202]. 
The SEM images in Figure 4-1b and c indicate that most of the particles retain their hollow sphere 
morphology and only a small fraction of the particles have broken shells. The conservation of the 
shell-like particle morphology can be explained by the high solvent permeability of the precipitate 
shells. If the precipitate shells are sufficiently permeable, they can be preserved as hollow spheres 
during the evaporation of the solvent from the droplet [201]. In addition, it is observed that the 
particle sizes are broadly distributed over a range of 0.1–3.0 m. The broad particle size 
distribution of spray pyrolyzed powders is often associated with the high density of droplets in the 
(b) (c) 
a) 
Figure 4-1: a) Illustration of the particle formation in an ultrasonic spray pyrolysis process. SEM images of b) LSC and c) 
NiO-GDC20 powders synthesized at 775 °C.   
 55 
aerosol phase as the droplet collisions and subsequent coalescence lead to the formation of larger 
secondary droplets within the pyrolysis zone. It is also noteworthy to mention that the hollow 
spheres are essentially nanoporous due to the porosity between precipitated solute 
nanocrystallites. However, they are virtually inseparable in most cases as they form strongly 
agglomerated and/or sintered three-dimensional networks [203].  
It has been recently reported that the incorporation of non-volatile, bystander inorganic salts 
with the precursor solutions and subsequent water rinsing of ultrasonic spray pyrolyzed product 
lead to the fragmentation of the polycrystalline microspheres into much smaller nanoparticles 
[204]. This modified synthesis route is known as salt-assisted spray pyrolysis (SASP). Figure 4-2a 
illustrates the particle formation process of SASP. This novel technique depends on the distribution 
of salt on the surfaces of crystallites during the pyrolysis stage of the synthesis, which effectively 
inhibits the agglomeration and sintering of the primary particles emerged from the solute 
decomposition. The SEM images of salt-assisted spray pyrolyzed LSC and NiO-GDC20 powders 
(Figure 4-2b–c) show substantial difference in terms of morphology, particle size and distribution 
compared to the powders produced by conventional spray pyrolysis method (Figure 4-1b–c), while 
all the other synthesis parameters are kept unchanged. Instead of the hollow sphere morphology, 
both LSC and NiO-GDC20 powders consist of well-dispersed nanoparticles with a low degree of 
agglomeration and the particle sizes are distributed over a narrow range of 25–75 nm. For both 
material systems, the modification of precursor by NaCl leads to particle size reduction by a factor 
of 20–40. It is also observed that the powders have significantly sharpened particle size 
distributions compared to the USP derived powders. In contrast to the USP method, the size 
distribution of particles obtained by SASP is apparently independent of the size distribution of the 
precursor droplets, which can be explained by the effective separation of precipitated solute 
nanocrystallites within the droplets by the NaCl phase. Various morphological characteristics of 
(b) (c) 
a) 
Figure 4-2: a) Illustration of particle formation in a salt-assisted spray pyrolysis process. SEM images of b) LSC and c) NiO-
GDC20 powders synthesized at 775 °C (after water rinsing). 
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nanoparticles can be obtained by changing the process parameters within the SASP. Therefore, the 
effects of the salt concentration and the synthesis temperature on the morphology are studied 
using LSC nanoparticles as a model system. 
 
4.1.1. Effect of NaCl Concentration on Morphology 
 
The SEM images in the Figure 4-3 illustrate the morphological evolution of LSC powders 
synthesized at 775 °C as the concentration of NaCl is changed from 0 to 1 M. The synthesis 
pressure and the total cation concentration of La, Sr, and Co are kept constant at 900 mbar and 
0.05 M, respectively, for each synthesis. SEM images of the powders obtained by SASP are taken 
subsequent to the water rinsing. The SEM image Figure 4-3a shows that the LSC powder 
synthesized without NaCl consists of spherical hollow particles with diameters in the range of 0.1–
3 m. On the other hand, when the precursor solution contains NaCl, it is observed that the 
particle sizes of LSC powders are reduced predominantly down to the nanometer scale. At 
relatively low concentrations of NaCl (0.25 M), the primary LSC nanoparticles with approximate 
particle size of 50 nm form agglomerated secondary particles in micrometer scale. This is most 
probably due to the insufficient amount of inert salt phase, which cannot hinder the agglomeration 
and sintering of the primary LSC nanoparticles, as it is evident from Figure 4-3b. The degree of 
agglomeration is reduced substantially, as the concentration of NaCl increases to 0.5 M. 
Nevertheless, flake-like agglomerates with sizes around 250 nm are observed in SEM images 
(a) 
 
(b) 
(c) (d) 
Figure 4-3: SEM images of LSC particles synthesized at 775 °C with various NaCl concentration of a) 0 M, b) 0.25 M, c) 0.5 
M, d) 1.0 M. The SEM images of the particles in b, c, and d are taken after water rinsing. 
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(Figure 4-3c). At the salt concentration of 1.0 M, a complete fragmentation of the LSC powder is 
accomplished (Figure 4-3d) subsequent to the water rinsing of the as-synthesized product.   
 
4.1.2. Effect of Synthesis Temperature on Morphology 
 
To investigate the influence of the pyrolysis temperature on the morphology of the product, LSC 
nanoparticles are synthesized at different temperatures. The synthesis pressure and the total cation 
concentration of La, Sr, and Co are kept constant at 900 mbar and 0.05 M, respectively, for each 
synthesis. Figure 4-4 shows the SEM images of the powders synthesized at 700 °C, 775 °C, 900 °C, 
and 1000 °C with the NaCl concentration fixed to 1.0 M. As it is evident from the SEM images in 
Figure 4-4a and b, LSC nanoparticles with a low degree of agglomeration and an approximate 
primary particle size of 50 nm can be obtained at synthesis temperatures below 800 °C. However, 
a considerable amount of agglomerates in the size range of 0.2–1 m are observed in the LSC 
powders synthesized at 900 °C (Figure 4-4c). As the synthesis temperature reaches to 1000 °C, the 
degree of agglomeration continues to increase. Moreover, it is observed that the primary particles 
of LSC sinter to form dense particles in the size range of 0.5–1 m (Figure 4-4d), since crystal 
growth and molecular diffusion processes are fast at increased synthesis temperatures. Even 
though the primary LSC nanoparticles are surrounded by sufficient amount of NaCl, when the salt 
phase is melted (m.p. = 801 °C), it behaves as a molten solvent and eventually facilitates the 
sintering and densification processes of the primary particles. In this case, the LSC agglomerates 
(a) 
(c) 
(b) 
(d) 
Figure 4-4: SEM images of LSC particles at different synthesis temperatures: a) 700 °C b) 775 °C, c) 900 °C, d) 1000 °C. The 
SEM images of the particles are taken after washing with water. 
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can be self-sintered without any obstacle. On the other hand, at synthesis temperatures below 
melting point of the NaCl the sintering of the LSC nanoparticles can be prevented because of the 
effective covering of the nanoparticle surfaces with the non-molten salt phase.  
 
4.2. Specific Surface Area 
 
The electrochemical reactions in electrodes take place at particular sites. For cermet anodes, e.g., 
Ni-Ce0.8Gd0.2O2-δ (Ni-GDC20), the oxidation of the fuel gas is localized near the triple-phase 
boundaries (TPBs), where metallic electron conductor catalyst (Ni), oxygen ion conductor 
electrolyte (GDC20) and fuel gas meet. Analogously, the oxygen reduction kinetics is governed by 
the oxygen exchange at the cathode/air interface for mixed-ionic electronic cathodes, e.g., 
La0.6Sr0.4CoO3-δ. Therefore, a high surface area of the starting electrode materials would increase 
the number of active sites for the electrochemical reactions. 
 
Table 4-1: Specific surface area measured by nitrogen adsorption method for LSC and NiO-GDC20 powders synthesized by 
ultrasonic spray pyrolysis and salt-assisted spray pyrolysis at 775 °C 
Synthesis Method Electrode Specific Surface Area (m2/g) 
USP LSC 39 
SASP LSC 60 
USP NiO-GDC20 39 
SASP NiO-GDC20 66 
 
 
Table 4-1 presents the Brunauer-Emmett-Teller (BET) specific surface areas of USP- and 
SASP-derived LSC and NiO-GDC20 powders extracted from linear part of adsorption. It is observed 
that the salt-assisted synthesis of electrode materials leads to a substantial surface area 
enhancement of 50%. 
 
4.3. Chemical Composition 
 
In addition to the morphological properties; the purity, chemical composition and, homogeneity of 
the synthesized powders are crucial since small deviations in composition might lead to the 
a) b) 
Figure 4-5:  Energy dispersive X-ray spectra of (a) LSC and (b) NiO-GDC20 powders synthesized at 775 °C by SASP. 
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variation of material properties such as electronic and ionic conductivities, and catalytic activities. 
Therefore, the purity and chemical composition of the SASP-derived LSC and NiO-GDC20 powders 
are investigated using scanning electron microscopy coupled with energy dispersive X-ray 
spectrometer (SEM-EDS) subsequent to the NaCl removal by water rinsing. The corresponding 
representative EDS analyses are given in Figure 4-5. In both cases, neither a sodium peak nor a 
chloride peak is detected, which confirms the complete removal of the salt phase by water rinsing. 
Table 4-2 and 4-3 show that the calculated and the measured elemental compositions of LSC and 
NiO-GDC20 powders are in good agreement.  
 
 
Table 4-2: Calculated and measured composition of LSC powder (after water rinsing) by EDS. 
Calculated (mol.%) Measured (mol.%) 
La Sr Co La Sr Co 
30.0 20.0 50.0 30.4 19.2 50.4 
 
 
Table 4-3: Calculated and measured composition of NiO-GDC20 (60:40 wt.%) powder (after water rinsing) by EDS. 
Calculated (mol.%) Measured (mol.%) 
Ni Ce Gd Ni Ce Gd 
77.46 18.03 4.51 76.7 18.3 5.0 
 
 
Figure 4-6 shows an STEM-EDS analysis conducted to identify the composition of the LSC 
nanoparticles on a submicrometer scale. The EDX spectrum (Figure 4-6b) acquired from the area 
indicated by the red box in Figure 4-6a reveals that the sample consists of the elements of La, Sr, 
Co, and O. The atomic ratio of La, Sr and Co calculated from this spectrum is consistent with the 
SEM-EDS measurements.  The copper (Cu) signal observed in EDX spectrum in Figure 4-6b arises 
from the TEM grid.  Furthermore, the elemental distribution of the LSC sample is characterized at 
nanometer scale by EDS displaying the integrated intensity of elemental signals as a function of 
beam position in the STEM mode. The STEM dark field image in Figure 4-7a and the 
corresponding elemental distributions of La, Sr, Co, and O (Figure 4-7b–e) show that the four 
elements are distributed homogeneously within the LSC nanograins.  
 
 
 
(a) 
b) 
Figure 4-6: a) Dark field STEM image of LSC nanoparticles. b) EDX spectrum obtained from the area within the red 
frame indicated on the STEM image. 
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4.4. Structure 
 
4.4.1. Effect of Synthesis Temperature on the Crystal Structure of Nanoparticles 
 
To investigate the influence of the synthesis temperature on the crystal structure of the 
nanoparticles, LSC and NiO-GDC20 powders are synthesized by SASP method at various 
temperatures, while the synthesis pressure, the total concentration of cations, and the NaCl 
concentration are kept constant at 900 mbar, 0.05 M, and 1.0 M, respectively. The X-ray 
diffraction (XRD) patterns of LSC powders synthesized at temperatures between 700 and 1000 °C 
are shown in Figure 4-8. At room temperature the samples exhibit rhombohedrally distorted 
perovskite structure with the space group R3̅c (no. 167). The lattice parameters obtained from the 
Rietveld refinement of the sample synthesized at 775 °C, 𝑎 = 5.4095(8)Å and 𝛼𝑖𝑛𝑡 = 60.31(4)°, are 
in good agreement with literature data obtained for powders of the same elemental composition 
(𝑎 = 5.4048 Å and 𝛼𝑖𝑛𝑡 = 60.33° [205]). According to Petrov et. al. [83], the change from cubic to 
rhombohedral structure at room temperature is caused by the La/Sr ratio being less smaller 1. The 
absence of NaCl reflections in XRD patterns confirms the complete removal of salt phase by the 
water rinsing procedure. Yet, a minor secondary phase of strontium carbonate (SrCO3, ICSD #62) 
is observed in powders synthesized at 700 °C. The formation of SrCO3 has been also reported for 
(a) (c) (b) (d) (e) 
25 nm 
Figure 4-7: STEM image of the LSC sample (a) and high-resolution STEM-EDS elemental maps showing the distribution of 
(b) La, (c) Sr, (d) Co, and (e) O in nanoscale range. 
Figure 4-8: X-ray diffraction patterns of LSC samples synthesized at various pyrolysis temperatures between 700 C and 
1000 °C (after water rinsing). 
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the La0.6Sr0.4Co0.2Fe0.8O3-δ cathodes obtained by USP method, where the precursor chemistry is 
modified by an organic complexing agent to obtain nanoparticles with high surface areas.  Even 
though the precursor solution and reaction gas are carbon free in SASP method, the formation of 
SrCO3 can be explained by the dissolution of CO2 within the precursor solution or the intrusion of 
CO2 into the reaction zone through a gas leak during the synthesis. As the synthesis temperature is 
increased to 775 °C and above, the formation of the secondary SrCO3 phase is avoided and single-
phase LSC powder is obtained at all synthesis temperatures. The increase of the synthesis 
temperature also leads to narrowing of the XRD reflections indicating the formation of larger 
crystallites, which is confirmed by Rietveld analysis. Figure 4-9 shows the XRD pattern of the LSC 
powder synthesized at 775 °C and its representative Rietveld analysis. The calculated lattice 
parameters and crystallite sizes are summarized in Table 4-4. The results reveal an increasing 
growth pattern of crystallite size of LSC nanoparticles as the synthesis temperature increases, 
which is most likely caused by the faster grain growth processes at high synthesis temperatures. 
On the other hand, the lattice parameters are independent of the synthesis temperature.  
 
 
Table 4-4: Crystallite size and lattice parameter of LSC powders synthesized at 700 °C, 775 °C, 900 °C, and 1000 °C 
calculated by Rietveld refinement. 
Synthesis temperature (°C) 775 900 1000 
Crystallite size (nm) 11(1) 12.0(9) 13.9(6) 
Lattice parameter, 𝒂 (Å) 5.4095(8) 5.4091(6) 5.410(4) 
Interaxial angle, 𝜶𝒊𝒏𝒕 (°) 60.31(4) 60.29(3) 60.30(3) 
Figure 4-9: Rietveld refinement of LSC sample synthesized at 775 °C 
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Figure 4-10 shows the XRD patterns of NiO-GDC20 (60:40 wt.%) composite powders synthesized 
at temperatures between 700 °C and 1000 °C. The synthesis at 700 °C results in a completely 
amorphous powder, since no reflections are detected in the XRD pattern. As the synthesis 
temperature is increased to 775 °C, the broad reflections belonging to NiO and GDC phases start to 
appear. Further increase of the synthesis temperature leads to narrowing of the XRD reflections 
indicating the formation of larger crystallites at higher synthesis temperatures. The crystalline 
Figure 4-10: X-ray diffraction patterns of NiO-GDC20 samples synthesized at various pyrolysis temperatures between 700 
°C and 1000 °C (after washing). 
Figure 4-11: Rietveld refinement of NiO-GDC20 sample synthesized at 775 °C 
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powders consist of NiO and GDC phases with cubic rock salt and fluorite type structures (space 
groups of Fm3̅m (no. 225)), respectively. The lattice parameters of NiO and GDC phases obtained 
from the Rietveld analyses are 0.4176(7) nm and 0.5423(8) nm, respectively, which are in good 
agreement with reported values (𝑎𝐺𝐷𝐶=0.5426 nm [206] and 𝑎𝑁𝑖𝑂=0.41763 nm [207]). The 
absence of Gd2O3 reflections in XRD patterns and a relatively larger lattice parameter of GDC 
(𝑎𝐺𝐷𝐶=0.5421(4) nm) compared to the undoped ceria (𝑎𝐶𝑒𝑂2=0.5413 nm [208]) confirms the 
complete dissolution of Gd in the ceria host lattice. Any impurity phase evidencing a reaction 
between NiO and GDC phases is not detected by XRD experiments at all synthesis temperatures. 
The effects of the synthesis temperature on the crystallite size, lattice parameter, and the phase 
composition of the samples are studied by the Rietveld analyses. Figure 4-11 shows measured XRD 
pattern of NiO-GDC20 composite powder synthesized at 775 C and its representative Rietveld 
analysis. The obtained crystallite sizes, lattice parameters and phase compositions are summarized 
in Table 4-5. At all synthesis temperatures, the desired weight fraction between NiO and GDC20 
phases (60:40 wt.%) is achieved.  Similar to the synthesis of LSC nanoparticles, the formation of 
larger crystallites is observed in NiO-GDC20 composite powder, as the synthesis temperature is 
increased. The lattice parameters are found to be independent of the synthesis temperature. 
 
Table 4-5: Crystallite sizes and lattice parameters of NiO and GDC phases, and their weight fraction within the NiO-
GDC20 composite powders synthesized at 775 C, 900 C, and 1000 C.  
Synthesis 
temperature (°C) 
775 900 1000 
Phase NiO GDC NiO GDC NiO GDC 
Crystallite size (nm) 8(1) 4(1) 19(1) 7(1) 36.0(5) 10.2(4) 
Lattice parameter, 𝒂 (Å) 4.179(4) 5.423(5) 4.179(2) 5.421(2) 4.176(1) 5.423(2) 
Weight (%) 58 42 61 39 59 41 
 
 
4.4.2. Effect of NaCl on the Crystal Structure of Nanoparticles 
 
To investigate the effect of NaCl on the crystal structure of the nanoparticles, LSC and NiO-GDC 
powders obtained from USP and SASP methods are compared. The pyrolysis temperature and 
pressure, and the total concentrations of the cations leading to the desired powders are set to 775 
C, 900 mbar, and 0.05 M, respectively, for each synthesis. The precursor solutions used in the 
USP method do not contain NaCl, while 1 M of NaCl concentration is chosen for the precursor 
solutions for SASP method.  
The XRD patterns of NiO-GDC20 and LSC powders synthesized by USP and SASP methods 
(Figure 4-12) indicate that the desired phases are acquired independent of the synthesis method 
with high phase purities. NiO-GDC20 powders exhibit nanocrystalline nature consisting of NiO and 
GDC20 phases with cubic rock salt and fluorite type structures, respectively. In case of LSC, both 
synthesis methods result in the formation of single-phase nanocrystalline perovskite phase. The 
crystallite sizes, lattice parameters, and phase compositions (only for NiO-GDC20) of the NiO-
GDC20 and LSC powders are calculated by the Rietveld analyses and summarized in Table 4-6 and 
Table 4-7, respectively. 
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Table 4-6: Crystallite sizes and lattice parameters of NiO and GDC phases and their weight fraction within the composite 
powders synthesized at 775 C using various NaCl concentrations calculated by Rietveld refinement. 
NaCl concentration (M) 0 1 
Phase NiO GDC NiO GDC 
Crystallite size (nm) 9(1) 5(1) 8(1) 4(1) 
Lattice parameter, a (Å) 4.179(5) 5.420(5) 4.179(4) 5.423(5) 
Weight (%) 59 41 58 42 
 
 
Table 4-7: Crystallite sizes and lattice parameters of LSC powders synthesized at 775 C using various NaCl concentrations 
calculated by Rietveld refinement. 
NaCl Concentration (M) 0 1 
Crystallite size (nm) 10(1) 11(1) 
Lattice parameter, 𝒂 (Å) 5.4089(7) 5.4095(8) 
Interaxial angle, 𝜶𝒊𝒏𝒕 (°) 60.29(5) 60.31(4) 
 
 
Under the specified synthesis conditions, no distinct difference is observed in the crystallite 
sizes and lattice parameters of the powders derived by USP and SASP methods. However, in 
literature there are discrepancies about the effect of salt phase on the product crystallinity. The 
common observation states that the SASP method facilitates the crystallization process and 
eventually leads to powders with larger crystallite sizes than powders obtained from USP method. 
The different findings can be ascribed to the variation of the salt phase that is employed during the 
synthesis.  Typically, the use of single or eutectic mixtures Na, K, and Li nitrates as an inert salt 
phase in SASP method leads to powders with larger crystallite sizes compared to USP derived 
powders. The reason lies in the fact that, such salts and their eutectic mixtures form a liquid-state 
media during the pyrolysis as their melting points are typically below 250 °C. This molten salt 
Figure 4-12: X-ray diffraction patterns of NiO-GDC20 and LSC samples synthesized at NaCl concentrations of 0 M and 1 M 
at 775 °C (after washing). 
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phase can facilitate mass transport and ultimately lead to bigger crystallites. However, the use of 
inert salts such as NaCl with substantially higher melting temperatures and adjusting the pyrolysis 
temperatures below their melting points would not be expected to result in any enhancement of 
the crystallization processes.  
 
4.5. Summary & Conclusions 
 
The salt-assisted spray pyrolysis method allows for the synthesis of phase pure nanostructured 
electrode materials of La0.6Sr0.4CoO3-δ and NiO-Ce0.8Gd0.2O2-δ. The morphology of the powders can 
be tailored in terms of particle size from the micro scale down the 50 nm by adjusting the synthesis 
parameters, i.e., pyrolysis temperature and NaCl concentration of the precursor solution.  
The modification of the ultrasonic spray pyrolysis method by the utilization of NaCl does not 
only result in nanoparticles with smaller particle sizes and narrower particle size distributions but 
also leads to a substantial increase in specific surface area by 50%, which is particularly crucial 
since high surface area of nanoparticulate electrodes would significantly increase the length of 
triple phase boundaries of cermet anodes and the number of active reaction sites of mixed ionic-
electronic conductive cathodes.  
The EDS analyses confirm the chemical composition and purity of the electrode materials both 
at micro (SEM) and nanoscale (STEM). It is verified that NaCl utilization does not lead to any 
contamination of the products, as neither Na nor Cl signal is detected in EDX spectroscopy 
analyses. In addition, STEM–EDX elemental mapping experiments indicate that a homogeneous 
elemental distribution at nanoscale is obtained.  
The XRD analyses confirm the phase purity of the products and also the complete removal of 
NaCl phase from the synthesized material system by a water rinsing procedure. 
Considering the morphological and structural characterizations, both LSC and NiO-GDC20 
nanoparticles produced by SASP at 775 C using 1 M of NaCl are chosen to fabricate the fuel cell 
components of LSC and NiO-GDC20 thin film electrodes, and NiO-GDC20 anode supports, as they 
possess higher specific surface areas and smaller particle sizes with lower degree of agglomeration 
compared to the powders obtained from USP method.  
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5. Thin Film Electrodes 
 
Selected parts of this chapter have also been published in [209] within the framework of 
this thesis. Corresponding sections – with minor conformations included – are indicated 
with a vertical gray bar at the inner page margin1. 
 
Micro-solid oxide fuel cells (micro-SOFC) have drawn increasing attention as promising power 
sources for portable electronic devices with low power requirements (1–20 W) such as laptops, 
tablets, and smartphones [210]. To realize the utilization of micro-SOFCs in such electronic 
devices, the operating temperature has to be reduced to the range of 350–550 C, at which 
thermal management of such small devices is possible [210], [211]. One of the major strategies to 
lower the operating temperature has been the use of thin film solid electrolytes with submicron 
thicknesses. Thus, Ohmic losses are minimized within the cell by reducing the length of the 
diffusion paths for oxygen ions. Micro-SOFC power densities as high as 1.3 W/cm2 at 450 C have 
been successfully demonstrated by utilization of an ultrathin (60 nm) electrolyte membrane [17]. 
So far, most of micro-SOFC membranes use platinum (Pt) thin film electrodes fabricated by 
physical vapor deposition methods, which have been shown to degrade both in air and in fuel 
atmospheres under fuel cell operating conditions. The degradation takes place by the coarsening of 
Pt grains within the porous electrode microstructure during operation leading to the formation of 
isolated metallic islands [212]–[214]. This results in the substantial reduction of number of triple-
phase boundaries (TPBs) and in-plane conductivity of the electrode layers, and eventually poor cell 
performance. Therefore, it is of great interest to develop novel ceramic-based electrodes with high 
electrochemical activities at low temperatures and to integrate them into micro-SOFCs. As 
alternative for Pt electrodes, nanostructured La0.6Sr0.4CoO3-δ (LSC) and Ni-Ce0.8Gd0.2O2-δ (Ni-
GDC20) thin film electrodes have been considered as cathode and anode, respectively, since they 
exhibit good thermal stability in the temperature range of 450–650 C as well as high catalytic 
activity and electronic conductivity [79], [139].  
Within this chapter, the stability of LSC and NiO-GDC20 nanoparticles obtained by salt-
assisted spray pyrolysis (SASP), used for the thin film deposition by spin coating is investigated. 
Nanostructured electrodes of LSC and Ni-GDC20 with thicknesses in the range of 200–800 nm are 
realized on electrolyte substrates by spin coating of the stabilized dispersions of the SASP-
nanoparticles. The electrochemical performance of the thin film electrodes is evaluated by 
electrochemical impedance spectroscopy (EIS) on symmetrical cells in the temperature range of 
450–650 C in order to demonstrate the applicability of the proposed electrode fabrication 
technique for the fabrication micro-SOFC devices.  
 
                                               
1
 Reprinted with persmission from [209]. ©2012, ELSEVIER. 
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5.1. Characterization of Dispersions 
 
Zeta potential measurements are performed to evaluate the stabilities of the SASP-derived LSC and 
NiO-GDC20 nanoparticles, and the commercially available GDC20 nanoparticles. The LSC and 
NiO-GDC20 nanoparticles are used to fabricate thin film cathodes, while the commercially 
available GDC20 nanoparticles are employed to fabricate thin interlayers to prevent the potential 
chemical reactions between the LSC nanoparticles and the 8YSZ electrolyte substrates at elevated 
temperatures and also to fabricate LSC-GDC20 nanocomposite cathodes. 
Figure 5-1 shows the zeta potential of the aqueous LSC and GDC20 dispersions as a function 
of pH. The zeta potential curves for both materials indicate that the nanoparticles have the highest 
degree of dispersion stability at pH values below 2 and above 10, but at low pH the nanoparticles 
are dissolving. Therefore, the dispersions of LSC and LSC-GDC20 nanoparticles are stabilized in 
aqueous NH3 solutions at pH = 10. Particle size distribution measured at pH = 10 (Figure 5-1, 
inset) by dynamic light scattering shows the median particle diameter of 52±1 and 40±1 nm for 
LSC and GDC20 nanoparticles, respectively.  
The zeta potential measurement of the SASP-derived NiO-GDC20 nanoparticles is presented in 
Figure 5-2. It is observed that zeta potential is positive over entire pH range. Positive zeta potential 
over entire pH range is already reported for some other materials such as diamond [215] and 
Al2O3 [216] nanoparticles. The highest surface charge for NiO-GDC20 nanoparticles is measured as 
52 mV at pH=2.3. Therefore, the dispersions of NiO-GDC20 nanoparticles are stabilized in 
aqueous HNO3 solutions at pH = 3. Lower pH values than 3 are avoided to prevent the 
nanoparticles from dissolving. The nanoparticle dispersions are stable below pH level of 5 over a 
long period (more than 24 hours). Above pH values of 5, particle agglomeration and 
sedimentation are observed (Figure 5-2, inset). Particle size distribution of the NiO-GDC20 
nanoparticles measured at pH=2.3 (Figure 5-2, inset) by dynamic light scattering shows the 
medium particle diameter of 69±1 nm. 
Figure 5-1: Zeta potential and particle size distribution (inset) of the SASP-derived LSC and the commercially available 
GDC20 nanoparticles. 
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5.2. Fabrication of Thin Film Electrodes by Spin Coating 
 
The SEM images in Figure 5-3a–e show the cross-sections of the spin-coated LSC (a–c) and Ni-
GDC20 (d–e) electrode layers with thicknesses between 250 and 750 nm after 1 hour of annealing 
at 650 C. The LSC cathodes are annealed under air, while NiO-GDC20 anodes are annealed under 
a reducing atmosphere (5 vol.% H2 in Ar) to reduce NiO to Ni. The complete reduction of NiO 
within the anode layers is confirmed by XRD analyses (Figure 5-4). To avoid chemical reactions 
between LSC and 8YSZ, the LSC thin films are deposited either on 8YSZ substrates with thin 
GDC20 interlayers or directly on the GDC10 substrates, while the 8YSZ substrates are used for the 
deposition of Ni-GDC20 anodes due to the considerable electronic conductivity of CeO2-based 
electrolytes under reducing atmospheres. This might have an effect on the EIS measurements 
conducted on the symmetrical anode samples under reducing atmospheres. The SEM images in 
Figure 5-3 reveal that the spin-coated LSC and Ni-GDC20 films are crack-free with a 
nanoparticulate microstructure. The electrode films are porous and a good contact between 
nanoparticles is established even after a short post-deposition annealing step at 650 C. In 
addition, the films are homogeneous in thickness, continuous, and adhere well to the substrates.  
The thickness of the electrode layers is controlled within the range of 200-800 nm by 
adjusting the solid loading of the dispersions, while the spin-coating parameters remain 
unchanged (for details, see Section 3.2.1). In Table 5-1, the effect of solid loading of the dispersion 
on the resulting film thickness is summarized.  
Table 5-1: Solid loading of the nanoparticle suspensions and the resulting film thicknesses of spin-coated functional 
layers. 
Solid loading (wt. %)  Film thickness (nm) 
10 200–300 
15 450–550 
20 750–850 
 
Figure 5-2: Zeta potential and particle size distribution (inset) of the SASP-derived NiO-GDC20 nanoparticles. 
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Figure 5-3: Cross-sectional SEM images of (a, b, c) LSC cathode functional layers on GDC10 substrates with approximate 
thicknesses of 250, 500, and 750 nm, respectively, and (d) Ni-GDC20 anode functional layer on 8YSZ substrate with an 
approximate thickness of 500 nm deposited on 8YSZ substrate, and (e) low magnification image of 500 nm thick Ni-GDC 
anode layer representing the continuity and homogeneity of the spin-coated thin film electrodes even after a reduction 
step at 650 C for 1h. 
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5.3. Electrochemical Characterization of Thin Film Electrodes 
 
In the SOFC community, the electrochemical performance of an electrode is typically expressed by 
its polarization resistance, which can be obtained by high temperature electrochemical impedance 
spectroscopy (EIS) experiments.  
In this work, symmetrical cells are fabricated by spin coating stabilized dispersions of 
electrode nanoparticles and subsequently characterized by high temperature EIS. The area-specific 
electrode polarization resistance (ASRpol) values extracted from the recorded impedance data 
represent the polarizations associated with the electrodes, i.e. the combination of the activation 
and the gas diffusion (mass transport) losses. The former is associated with the impedance against 
the electrochemical processes, while the latter is caused by the gas diffusion limitations of the 
electrode layers and the measurement setup.  
 
5.3.1. LSC and LSC-GDC Cathodes 
 
LSC Cathodes 
 
The SEM images in Figure 5-5a and b show the cross-sections of the LSC cathodes with 
approximate thicknesses of 250 nm and 500 nm subsequent to annealing at 650 C for 1 h. The 
LSC cathode layers are fabricated by spin coating of LSC dispersions on the GDC20|8YSZ|GDC20 
electrolyte substrates symmetrically. It is evident that both functional LSC cathode layers and 
GDC20 interlayers are continuous and homogeneous in thickness, and that a proper contact at 
cathode/electrolyte interface is achieved even with a post-annealing temperature as low as 650 C. 
The thickness of the GDC20 interlayers is found to be approximately in the range of 200–300 nm 
among different samples. 
After spin coating of the thin LSC cathodes, the commercially available (La0.8Sr0.2)0.95MnO3-δ 
(LSM) ink is screen printed symmetrically onto the samples to improve the current collection from 
the thin cathodes. The resulting layered structures of LSM|LSC|GDC20|8YSZ|GDC20|LSC|LSM 
are annealed in-situ during the high temperature EIS measurements at 650 C for 1 h, after which 
Figure 5-4: X-ray diffraction patterns of NiO-GDC20 nanoparticles after annealing at 550, 650, and 750 °C for 1 h. 
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the impedance spectra are recorded in the cooling cycle. The Figure 5-6a depicts the temperature 
profile used for the EIS analyses, in which each EIS measurement is indicated by an arrow. Figure 
5-6b–d show the representative impedance spectra in the form of Nyquist plot obtained from the 
250 nm thick LSC cathode at 650, 600, and 550 C under a constant gas flow consisting of 21 
vol.% O2 and 79 vol.% N2. The impedance spectra are normalized according to the surface areas of 
samples. It is observed that the impedance spectra consist of depressed semi-circles which are 
typical for the oxygen reduction at porous MIEC cathodes [36]. The high frequency impedance 
data do not intersect the real axes and the spectra cannot be resolved at frequencies higher than 1 
MHz. Therefore, the impedance spectra are extrapolated towards the real axes to estimate the 
intersection point. The estimated high frequency intercept of the spectra, denoted as Ro, is typically 
caused by a series of resistance accounting for the Ohmic losses of the electrolyte and current 
collector layers, and the contact resistance of the experimental setup [91]. The estimated Ro values 
are found to be in the range of 6–7 Ω cm2 at 600 °C for all symmetrical cells, which are mainly 
attributed to the Ohmic losses associated with the 200 µm thick 8YSZ electrolyte substrates. Based 
on this assumption, the calculated conductivities of 8YSZ electrolyte substrates are in the range of 
0.29–0.33 S/m, which is in a good accordance with the reported conductivity value (0.316 S/m 
[33]) of bulk 8YSZ at 600 °C. Furthermore, the Ohmic polarization loss (ASROhmic) of the 8YSZ 
substrates is measured under identical experimental conditions using a symmetrical cell consisting 
of 200 µm thick 8YSZ electrolyte and two Pt electrodes sputtered symmetrically on the 8YSZ 
electrolyte substrate, and comparable results are obtained in the same temperature range.  
The total area specific polarization resistance (ASRpol) of the cathode layers is obtained from 
the difference between the estimated high frequency and the observed low frequency intersections 
on the real axes of the Nyquist plots. The extracted polarization resistance values are divided by a 
factor of two accounting for the electrode layers on both sides of the electrolytes.  
Figure 5-7 shows the temperature dependence of the ASRpol of LSC cathodes with thicknesses 
of 250 and 500 nm. A good linearity between the ASRpol of the cathode and the reciprocal 
temperature is obtained in the temperature range of 450–650 C. The 250 nm thick LSC cathode 
shows an ASRpol of 5.56 Ω cm
2 at 600 °C, while at the same temperature the 500 nm thick LSC 
cathode has an ASRpol of 3.71 Ω cm
2. The activation energies of 1.42 ± 0.02 and 1.46 ± 0.05 eV 
are calculated for the LSC cathode layers with thicknesses of 250 and 500 nm, respectively, which 
are in a good agreement with the reported activation energies of LSC cathodes with the same 
chemical composition and comparable thicknesses. Hayd et. al. [79] have reported an activation 
energy of 1.41 eV for the 200 nm thick LSC cathodes obtained by metal organic deposition (MOD). 
Figure 5-5: Cross-sectional SEM images of LSC cathode layers annealed at 650 C for 1h with thicknesses of (a) 250 nm 
and (b) 500 nm deposited symmetrically on GDC|8YSZ|GDC electrolyte substrates.  
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An activation energy of 1.40 eV has been reported for the 200 nm thick pulsed layer deposited 
(PLD) LSC cathodes by Januschewsky et. al. [39]. 
The decrease of ASRpol upon increasing the cathode thickness indicates that the oxygen 
exchange at the cathode/air interface is indeed one of the rate-determining steps of the oxygen 
reduction reaction [168]. This trend can be justified by the mixed ionic electronic conductivity of 
the LSC cathode, in which both surface and bulk pathways are active for oxygen reduction [36], 
[78]. The increase of the thickness of the nanostructured LSC cathode also leads to an increase of 
the number of the active reaction sites for the oxygen reduction and in turn an improvement of the 
cathode performance [217]. Noh et. al. have investigated the influence of the thickness of the 
pulsed layer deposited La0.6Sr0.4CoO3-δ cathodes layers on their electrochemical performance and 
reported that the LSC cathodes with thicknesses in the range of 2–3 µm have optimum cell 
performance, while no further improvement has been observed above a thickness of 5 µm [217]. 
In conventional anode-supported SOFC design, the cathode thicknesses are typically in the range 
of 10–20 µm, while the total cell thickness has to be kept below 1 µm in order to maintain the 
thermomechanical stability of the freestanding micro-SOFC membranes [218]. Therefore, in this 
work the efforts to optimize the electrochemical performance of the spin-coated LSC cathodes do 
not focus on the increase of the cathode thicknesses above 500 nm.  
The commercially available LSM paste is itself an electrocatalyst for oxygen reduction in 
addition to its current collection ability [153]. When used as a current collector on thin LSC 
cathodes, the LSM/LSC interface rather than the thin LSC cathodes might be electrochemically 
active. Therefore, an LSM|GDC20|8YSZ|GDC20|LSM cell without the spin-coated thin film LSC 
Figure 5-6: a) The temperature profile used for in-situ annealing of the as-deposited cathodes and for the EIS analyses, 
where each EIS measurement is indicated by an arrow. The impedance spectra are obtained from the 
LSM|LSC|GDC20|8YSZ|GDC20|LSC|LSM symmetrical cell with a 250 nm thick LSC cathode layer measured at (b) 650, (c) 
600, and (d) 550 °C under a constant gas flow consisting of 21 vol.% O2 and 79 vol.% N2. The estimated Ohmic resistance 
of the cell is indicated by R0, while ASRpol stands for the estimated polarization resistance of the 250 nm thick LSC 
cathodes. The dashed lines in high frequency region of the spectra show the extrapolated part of the impedance spectra 
to estimate the high frequency intercepts. 
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electrodes is prepared to compare the polarization resistance of the screen-printed LSM current 
collector layer to that of spin-coated thin LSC cathodes. The cell consisting of only LSM current 
collector as an active layer is measured at 650 °C and 600 °C (also included to the plot in Figure 
5-7), and the polarization resistance of LSM/electrolyte interface is found to be approximately 270 
Ω cm2 at 600 °C, which verifies the correctness of the obtained polarization resistance values of the 
thin LSC cathodes.  
 
LSC-GDC Composite Cathodes  
 
One of the methods that has been commonly used to enhance the performance of the purely 
electronic conducing cathodes (e.g. Pt, LSM) is the percolation of an additional ionic conducting 
electrolyte phase within the cathode microstructure [34], [36], [153], [219]. The ionic conducting 
phase leads to the extension of the cathode/electrolyte interface over the entire cathode 
microstructure and eventually an increase of the number of active reaction sites (TPBs) for the 
oxygen reduction. Even though the oxygen reduction is not confined to the TPBs and the density of 
the active reactions sites are intrinsically higher in the MIEC (B)LSC(F)-based cathodes compared 
to purely electronic conducting cathodes [36], several authors have reported improvement of the 
electrochemical performance of MIEC cathodes upon compositing them with CeO2-based 
electrolyte powders [153], [171], [220]–[222].  
The similar approach is used as an alternative to the increase of the electrode thickness in 
order to improve the electrochemical performance of spin-coated LSC cathodes. The same 
commercially available GDC20 nanoparticles, which are used to deposit GDC20 interlayers 
between 8YSZ substrates and thin LSC cathodes, are utilized as the additional ionic conducting 
phase for the LSC-GDC20 nanocomposite cathodes. The results of zeta potential measurements 
previously presented (Figure 5-1) indicate that both LSC and GDC20 nanoparticles have relatively 
high dispersion stability in the pH range of 9–10.5. Therefore, for further thin film deposition steps 
Figure 5-7: Area-specific polarization resistance (ASRpol) of the thin film LSC cathodes with thicknesses 250 and 500 nm, 
and of screen-printed commercially available LSM current collector as a function of the reciprocal of the measurement 
temperature. 
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using spin coating, LSC-GDC20 nanocomposite dispersions are co-stabilized in aqueous NH3 
solutions at pH = 10. Furthermore, the particle size distributions of the GDC20 and LSC 
nanoparticles match well with each other, indicating that they are potentially compatible to 
percolate homogeneously within the thin LSC-GDC20 cathode layers. 
The LSC-GDC20 composite cathodes with thicknesses of 250 nm and 500 nm are 
symmetrically deposited on the GDC20|8YSZ|GDC20 electrolyte substrates to be characterized 
electrochemically. The concentration of GDC20 within the cathodes is altered systematically in the 
range of 10–40 wt.% in order to find the optimum composition exhibiting lowest polarization 
resistance.  
Figure 5-8 shows the representative SEM images of the cross-sections of the LSC-GDC20 
(70:30 wt. %) cathodes with approximate thicknesses of 250 and 500 nm subsequent to annealing 
at 650 C for 1 h. It is evident that both nanocomposite cathode layers and GDC interlayers are 
continuous and homogeneous in thickness, and that a good contact between the layers is achieved 
at a post-annealing temperature as low as 650 C. The thickness of the GDC20 interlayers is found 
to be approximately in the range of 200–300 nm for different samples. 
After spin coating of the thin LSC-GDC20 cathodes, the commercially available LSM ink is 
screen printed symmetrically onto the samples to serve as a current collector layer. The resulting 
layered structure of LSM|LSC-GDC20|GDC20|8YSZ|GDC20|LSC-GDC20|LSM is annealed in-situ 
during the high temperature EIS measurement at 650 C for 1 h, after which the impedance 
spectra are recorded in the cooling cycle. Figure 5-9a depicts the temperature profile used for the 
EIS analyses, where each EIS measurement is indicated by an arrow. The representative 
impedance spectra of 250 nm thick LSC-GDC20 (70:30 wt.%) cathodes measured at 650, 600, and 
550 C under a constant gas flow consisting of 21 vol.% O2 and 79 vol.% N2 are shown in Figure 
5-9b–d. The impedance spectra are normalized according to the surface areas of samples. The 
area-normalized polarization resistance (ASRpol) of the cathode layers is obtained from the 
difference between the estimated high frequency and the observed low frequency intersections on 
the real axes of the Nyquist plots. The extracted polarization losses are divided by a factor of two 
accounting for the electrode layers on both sides of the electrolytes.   
Figure 5-10a and b show the temperature dependence of the ASRpol for the LSC-GDC20 
composite cathodes with thicknesses of 250 nm and 500 nm, respectively. For the purpose of 
comparison, the ASR values obtained from pure LSC cathodes are also included into the plots. A 
good linearity between the ASRpol of the nanocomposite LSC-GDC20 cathodes and the reciprocal 
temperature is obtained in the temperature range of 450–650 C for all of the GDC20 compositions 
Figure 5-8: Cross-sectional SEM images of LSC-GDC20 (70:30 wt.%) cathode layers annealed at 650 C for 1h with 
thicknesses of (a) 250 nm and (b) 500 nm deposited symmetrically on GDC20|8YSZ|GDC20 electrolyte substrates. 
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varying in the range of 10–40 wt.%. It is observed that the addition of the ionic conducting phase 
GDC20 into the LSC cathodes reduces the cathode polarization resistance significantly. Figure 
5-11a and b show the dependence of the ASRpol on the GDC composition within the LSC-GDC20 
composite cathodes with thicknesses of 250 nm and 500 nm, respectively. For the 250 nm thick 
composite cathodes, the optimum GDC20 loading is found to be between 20–30 wt.%, as the LSC-
GDC20 cathodes with those compositions show lowest ASR values in the temperature range of 
450–650 C.  An ASRpol values as low as 0.77 Ω cm
2 is obtained at 600 °C from the 250 nm thick 
LSC-GDC20 (70:30 wt.%) cathodes, while at the same temperature the single phase LSC cathodes 
with comparable thicknesses have an ASRpol of 5.56 Ω cm
2. This considerable improvement of the 
cathode performance by a factor of seven at 600 °C might be attributed to the enhancement of the 
total ionic conductivity of the cathode layers upon addition of highly ionic conducting GDC20 
nanoparticles, which in turn leads to an increase of the active reaction sites for the oxygen 
reduction in cathode microstructure. The similar trend is also observed for the 500 nm thick LSC-
GDC20 composite cathodes. It is apparent from Figure 5-11b that the optimum GDC20 loading 
yielding the lowest ASRpol values is 30 wt.%. An ASRpol value as low as 0.24 Ω cm
2 is obtained at 
600 °C from 500 nm thick LSC-GDC20 (70:30 wt.%) cathodes, while at the same temperature the 
single phase LSC cathodes with comparable thicknesses have an ASRpol of 3.71 Ω cm
2. For the 500 
nm thick LSC-GDC20 composite cathodes, an improvement of the ASRpol by a factor of more than 
fifteen is observed.   
Table 5-2 lists the activation energies calculated for the 250 nm and 500 nm thick LSC-GDC20 
cathodes with various compositions. It is observed that the activation energies decrease upon 
Figure 5-9: a) The temperature profile used for in-situ annealing of the as-deposited samples and for the EIS 
measurements, where each EIS measurement is indicated by an arrow. The impedance spectra of the LSM|LSC- 
GDC20|GDC20|8YSZ|GDC20|LSC-GDC20|LSM symmetrical cell with a 250 nm thick LSC-GDC20 (70:30 wt.%) cathode 
layer measured at (b) 650, (c) 600, and (d) 550 °C. The estimated Ohmic resistance of the cell is indicated by R0, while 
ASRpol stands for the estimated polarization resistance of the 250 nm thick LSC-GDC20 (70:30 wt.%) cathodes. The 
dashed lines at high frequency region of the spectra show the extrapolated part of the impedance spectra used to 
estimate the high frequency intercepts. The leveling off the impedance spectra at high frequencies is attributed to the 
response from the 8YSZ electrolyte substrate. 
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addition of the ionic conducting GDC20 phase. Both trends of decreasing ASR and activation 
energies with increasing GDC20 content are in a good agreement with the literature data obtained 
from powder-processed composite MIEC cathodes. Tao et. al [171] have reported that 20 µm thick 
La0.6Sr0.4CoO3-δ-CexGd1-xO2-δ (70:30 wt.%) composite cathodes have the lowest polarization 
resistance of 0.24 Ω cm2 at 600 °C. According to Darbandi et. al. [153], the percolation of 
Ce0.8Gd0.2O2-δ nanoparticles within the La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) cathode layers leads to the 
decrease both in the cathodic polarization resistance and in the corresponding activation energies. 
The spin-coated 1 µm thick LSCF-GDC (85:15 wt.%) composite cathodes are reported to have ASR 
values of 0.371 Ω cm2 at 600 °C.  
 
 
 
 
 
Figure 5-11: The dependence of the area-specific polarization resistance (ASRpol) on the concentration of GDC for (a) 
250 and (b) 500 nm thick LSC-GDC20 cathodes at different measurement temperatures. 
Figure 5-10: The area-specific polarization resistance (ASRpol) of (a) 250 and (b) 500 nm thick LSC-GDC20 cathode layers as 
a function of the reciprocal of the measurement temperature.  
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Table 5-2: The activation energies calculated for the LSC and LSC-GDC20 cathodes with different cathode thicknesses and 
compositions.  
GDC concentration (wt.%) 
Activation energy (eV) 
Cathode thickness=250 nm Cathode thickness=500 nm 
0 1.42 ± 0.02 1.46 ± 0.05 
10 1.13 ± 0.01 1.22 ± 0.02 
20 1.07 ± 0.03 1.25 ± 0.03 
30 1.22 ± 0.01 1.32 ± 0.02 
40 1.18 ± 0.02 1.13 ± 0.02 
 
The conventional approach to obtain a good inter- and intra-layer contacts requires sintering 
of the multilayered SOFC structures at elevated temperatures [1], [99]. However, the sintering 
steps at high temperatures lead to substantial reduction of the active surface areas of the 
nanostructured electrodes due to the faster grain growth rates of the nanoparticles compared to 
microcrystalline powders. Furthermore, the thermomechanical stability of a micro-SOFC platform 
consisting of YSZ-based 300 nm thick free standing membranes (390 µm × 390 µm) is 
demonstrated only up to 600 °C [223]. Therefore, little is known about the stability of such micro-
SOFC membranes at temperatures higher than 600 °C. Nevertheless, the 500 nm thick LSC 
cathodes are further annealed in the temperature range of 700–1000 °C to observe the effect of the 
annealing temperature on the cathode performance.  
 
Effect of annealing temperature  
 
Figure 5-12 shows the cross-sectional SEM images of spin-coated LSC cathodes subsequent to 
annealing at different temperatures. The SEM investigation shows that the post-deposition heat 
treatment has an influence on the microstructural features such as grain size, surface area, and 
porosity of the spin-coated cathode layers. Therefore, to investigate the effect of the annealing 
temperature on the electrochemical properties of the cathodes, LSC thin films are spin coated 
symmetrically on GDC10 substrates and annealed at different temperatures (800–1000 °C) for 2 h 
with a heating and cooling rate of 2 °C /min prior to the EIS measurements. The thicknesses of the 
cathode layers are comparable and approximately 500 nm. In order to avoid potential contact 
issues impeding the oxygen ion conductivity between the 8YSZ electrolyte substrates and GDC20 
thin interlayers, the LSC cathodes are directly spin coated on GDC10 substrates. The LSC cathodes 
post-annealed at 650 °C (Figure 5-3b) and at 800 °C (Figure 5-12a) do not differ significantly in 
terms of grain size and microstructure. The increase of the annealing temperature to 900 °C leads 
to a grain growth of the LSC nanoparticles and possibly improved contacts at the 
cathode/electrolyte interface and between the LSC nanoparticles within the cathode layers. 
Despite the grain growth, the 500 nm thick LSC cathodes sustain its porous nanostructured nature 
subsequent to the annealing step at 900 °C. However, further increase of the annealing 
temperature to 1000 °C results in LSC cathode layers with substantially larger grains, which might 
be attributed to fast grain growth rates at higher annealing temperatures. In addition to the larger 
grain sizes, it is also observed that the number of necking sites between the LSC grains is 
increased. Even though this would lead to improved electronic and ionic transport abilities of the 
LSC cathode layers, the substantial reduction of the active surface area due to the increased grain 
size and the nanoparticle necking might hamper the oxygen exchange at the cathode/air interface 
and the gas transport processes though the cathode microstructure. The grain growth trend upon 
high temperature annealing observed for the LSC nanostructured cathodes is in a good accordance 
with the thermal stability study conducted by Darbandi et. al. [195] on the spray-pyrolyzed 
(B)LSC(F)-based perovskite cathode nanoparticles.  
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Figure 5-13a and b show two representative Nyquist plots of the impedance spectra obtained 
from a symmetrical cell LSM|LSC|GDC10|LSC|LSM consisting of 500 nm thick LSC cathodes 
annealed at 900 °C for 2h prior to the EIS measurement.  The spectra are recorded isothermally at 
650 °C and 600 °C under a constant gas flow consisting of 21 vol.% O2 and 79 vol.% N2. It is 
observed that the impedance spectra in the temperature range of 450–650 °C consist of one 
depressed semicircle and the experimental data are fitted with the equivalent circuit model shown 
in Figure 5-13a (inset), which is proposed by many authors for the MIEC powder-processed porous 
cathodes [114], [153], [165], [172], [224]. The inductance element L1 accounts for the inductive 
effects of the Pt wires and measurement setup [165], [225], which is observed at high frequencies 
and typically at high temperatures. The resistance R0 represents the combination of Ohmic losses 
caused by the GDC10 electrolyte, the electrodes, and the current collector layers [79]. At 600 °C 
for the symmetrical sample with 520 µm thick GDC10 electrolyte, the R0 value is found to be 3.19 
Ω cm2 (Figure 5-13b). Since the electronic conductivities of LSC cathodes and LSM current 
collectors are expected to be high compared to the GDC10 electrolyte layer, it is assumed that R0 
might be mainly attributed to the Ohmic losses associated with the electrolyte layer. Based on this 
assumption, the conductivity of GDC10 electrolyte is calculated as 1.63 S/m at 600 °C, which is in 
a good accordance with the reported conductivity values of Ce0.9Gd0.1O2-δ [24], [79].  
The two parallel subcircuits R1-CPE1 and R2-CPE2 consisting of a resistance (R1 or R2) and a 
constant phase element (CPE1 or CPE2) describe the two rate limiting cathodic processes. Based on 
the literature [172], [226], [227], the high frequency behavior of the cathodic impedance (R1-
CPE1) is attributed to the charge transfer processes, while the low frequency behavior (R2-CPE2) of 
the impedance is associated with non-charge transfer processes such as oxygen exchange at 
electrode/air interface and mass transport inside and outside of the cathode layer. The parameters 
used in the equivalent circuit models (i.e., the admittance constant (Q) and the power of CPE (n)) 
along with the calculated true capacitance (C*) and relaxation frequency (f*) values are presented 
in Table 5-3. The capacitance values per unit area are around 10-3 F/cm2, which is typical for the 
electrode-limited processes [33] and in accordance with the reported values for LSC thin film 
cathodes [39], [165], [228].  
 
 
 
 
 
Figure 5-12: Cross-sectional SEM images of 500 nm thick LSC cathode layers on GDC10 electrolytes annealed at (a) 800, 
(b) 900, and (c) 1000 °C for 2h subsequent to the spin coating. 
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Table 5-3: The parameters used for the equivalent circuit model fitting of the impedance spectra at 650 and 600 °C 
obtained from the LSM|LSC|GDC10|LSC|LSM symmetrical cell with a 500 nm thick LSC cathode layer annealed prior to 
the EIS measurement at 900 °C for 2 h. The true capacitance (C*) and the relaxation frequency (f*) values calculated 
using the CPE parameters are also given for each process.  
T 
(°C) 
R0 
(Ω cm2) 
R1 
(Ω cm2) 
CPE1 𝑪𝟏
∗  
(F/cm
2
) 
𝒇𝟏
∗  
(kHz) 
R2 
(Ω cm2) 
CPE2 𝑪𝟐
∗  
(F/cm
2
) 
𝒇𝟐
∗  
(Hz) Q1 n1 Q2 n2 
650 1.953 0.0135 0.11 0.59 0.0014 8.2 0.0255 0.21 0.86 0.0079 73 
600 3.190 0.0320 0.07 0.60 0.0011 4.15 0.0640 0.18 0.86 0.0087 28 
 
The temperature dependence of the area normalized polarization resistance (ASRpol) for 500 
nm thick LSC cathodes annealed in the temperature range of 650–1000 °C is shown in Figure 5-14. 
A good linearity between the ASRpol of the LSC cathodes and the reciprocal measurement 
temperature is obtained in the temperature range of 450–650 C for all samples. It is observed that 
post-deposition annealing at high temperatures has a great impact on the cathode performance. An 
ASRpol value as low as 0.096 Ω cm
2 at 600 °C is obtained for 500 nm thick LSC cathodes, which are 
Figure 5-13: The impedance spectra of the LSM|LSC|GDC10|LSC|LSM symmetrical cell with a 500 nm thick LSC cathode 
layer measured at (a) 650 and (b) 600 °C. The whole symmetrical cell is annealed at 900 °C for 2 h with a heating and 
cooling rate of 2 °C/min prior to the EIS measurement. The spectra are fitted using the equivalent circuit (a, inset). The 
circles represent the experimental points, while the full lines represent fitting curves. 
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annealed at 900 °C for 2 h prior to the EIS measurement. In comparison to the LSC cathodes 
annealed at 650 °C, the substantial improvement of the cathode performance almost by a factor of 
forty might be attributed to the reduction of contact resistances within the symmetrical cells. 
However, the increase of the annealing temperature further to 1000 °C leads to an increase of the 
polarization resistance. This can be explained by the reduction of the active surface area of the 
cathode layers due to faster grain growth observed at this post-deposition annealing temperature, 
which is confirmed by the SEM investigations (Figure 5-12c). Activation energies of 1.42 ± 0.02, 
1.23 ± 0.01, and 1.13 ± 0.01 eV are calculated for the LSC cathodes annealed at 800, 900, and 
1000 °C, respectively. It is observed that the activation energy of the LSC cathodes annealed at 800 
°C is comparable to that of annealed at 650 °C (1.456 ± 0.046 eV). However, the activation energy 
of the cathodes seems to decrease as the annealing temperature increases. Based on the previous 
observations on the LSC-GDC20 composite cathodes and the SEM investigations conducted on the 
cathodes which are annealed at different temperatures this trend can be attributed to the 
improved oxygen ion conductivity of the cathode layers, which have potentially better particle 
connectivity due to the neck formation at higher annealing temperatures.  
Figure 5-15 shows the comparison of the lowest ASRpol values obtained in this work with those 
of nanostructured (B)LSC(F)-based MIEC cathodes with submicron thicknesses reported in the 
literature. The plot is far from a complete literature review, and due to the variations in the 
cathode thicknesses and grain sizes (Table 5-4), it is not straightforward to draw a conclusion 
about the relationship between the oxygen reduction performance and the microstructural features 
of the LSC-based cathode films. Nevertheless, the spin coated LSC cathodes realized in this work 
are among the best cathodes reported, which makes them potential candidates for the nanoscaled 
SOFC applications aiming high performance at low operating temperatures. Detailed information 
on the cathodes (i.e., deposition methods, cathode thicknesses, and grain sizes) revealed in Figure 
5-15 are listed in Table 5-4. 
Figure 5-14: Area specific polarization resistance (ASRpol) of the LSM|LSC|GDC20|8YSZ|GDC20|LSC|LSM symmetrical cell 
annealed at 650 °C for 1 h and LSM|LSC|GDC10|LSC|LSM symmetrical cells annealed at 800, 900, and 1000 °C for 2 h 
prior to the EIS measurements, as a function of measuring temperature. 
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Table 5-4: Additional information on the (B)LSC(F)-based cathodes presented in Figure 5-15.  
Cathode 
ASR 
(Ω cm2) 
at 600 °C 
Deposition 
method 
Cathode 
thickness 
(µm) 
Grain size 
(nm) 
Ref. 
La0.6Sr0.4CoO3-δ 0.096 Spin coating 0.5 70 this work 
La0.6Sr0.4CoO3-δ 0.023 MOD 0.2 17 [79] 
La0.5Sr0.5CoO3-δ 0.09 PLD 0.72 8 [169] 
La0.6Sr0.4CoO3-δ 0.13 PLD 1 50 [168] 
La0.6Sr0.4CoO3-δ 0.96 
Flame spray 
deposition 
0.2 34 [165] 
La0.6Sr0.4Co0.2Fe0.8O3-δ 0.72 Spin coating <1 68 [153] 
La0.6Ba0.25Sr0.4Co0.2Fe0.8O3-δ 0.038 Spin coating <1 68 [153] 
 
 
5.3.2. Ni-Ce0.8Gd0.2O2-δ Anodes 
 
Thin film electrolytes and cathodes have been extensively investigated in the literature for the 
applications for anode-supported SOFCs and micro-SOFCs, respectively [119]. However, the 
information about thin film cermet anodes for micro-SOFC application is scarce. La O et. al. [127] 
have reported the applicability of the sputtered Ni-YSZ cermets to miniaturized SOFCs, but no data 
is given about the electrochemical performance. Muecke et. al. [139], [229] have reported on the 
electrochemical performance and the microstructural stability of the nanostructured Ni-GDC20 
cermet anodes with thicknesses in the range of 500–800 nm fabricated by spray deposition. 
According to those studies, the lowest ASRpol of the thin film Ni-GDC20 anodes deposited on 
GDC10 and 8YSZ substrates are measured under humidified 20 vol.% H2 in N2 at 600 °C as 1.73 
and 7.2 Ω cm2, respectively.  It has also been observed that a decrease of the grain size of the spray 
this work 
[165] 
[168] 
[169] 
[79] 
[153] 
[153] 
Figure 5-15: The comparison of the polarization resistance values of a few high-performance nanoscaled (B)LSC(F)-based 
cathodes with submicron thicknesses reported in the literature.  
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deposited Ni-GDC20 anode layers down from 53 nm to 16 nm leads to a reduction in the ASRpol 
from 1.73 to 0.34 Ω cm2, which is mainly attributed to an increase of the active reaction sites for 
fuel oxidation. However, it has also been reported that the Ni-GDC20 anodes with smaller grains 
sizes are more susceptible to the degradation due to the faster Ni coarsening at operating 
temperatures. Recently, Takagi et. al. [193] have demonstrated the applicability of co-sputtered 
ruthenium (Ru)-GDC10 cermet anode thin films on the freestanding micro-SOFC consisting of 
8YSZ membrane as thin electrolyte and sputtered Pt as cathode layers. Micro-SOFCs tested under 
humidified methane as fuel and air as oxidant exhibits an open circuit voltage of 0.97 V and a 
peak power density of 275 mW/cm2 at 485 °C. Still, little is known whether the electrochemical 
performance of the thin film cermets is sufficient for the micro-SOFC applications. Therefore, in 
this work nanostructured Ni-GDC20 thin anodes with thicknesses approximately 500 nm are 
fabricated by spin coating of stabilized dispersions of the NiO-GDC20 (60:40 wt.%) nanoparticles 
obtained from salt-assisted spray pyrolysis, and the effect of the post-annealing temperature on the 
electrochemical performance is investigated.  
Figure 5-16 shows the cross-sectional SEM images of Ni-GDC20 anodes, which are obtained by 
spin coating of stabilized dispersions of the NiO-GDC20 nanoparticles on 8YSZ substrates and 
subsequent annealing steps at different temperatures under a reducing atmosphere (5 vol.% H2 in 
Ar). The SEM investigation of the Ni-GDC20 anodes shows that the post-deposition heat treatment 
has an influence on the microstructural features such as grain size, surface area, and porosity. The 
thicknesses of the anode layers are comparable and approximately 500 nm. The anodes post-
annealed at 650 (Figure 5-3d) and at 800 °C (Figure 5-16a) do not differ significantly in terms of 
the grain size and microstructure. The increase of the annealing temperature to 900–1000 °C leads 
to a grain growth and possibly improved contacts at the anode/electrolyte interface and between 
the nanoparticles within the anode layers. Despite the observed grain growth, the 500 nm thick 
NiO-GDC20 anodes sustain its porous nanostructured microstructure subsequent to the annealing 
steps at 900 and 1000 °C (Figure 5-16b and c).  
After the annealing steps, Pt films with thicknesses of 80 nm are sputtered symmetrically on 
the samples to serve as current collector layers. The resulting layered structure of Pt|Ni-
GDC20|8YSZ|Ni-GDC20|Pt is characterized electrochemically in an atmospherically sealed 
furnace. The aforementioned temperature profile (Figure 5-6a) is used to record impedance 
spectra of the thin film anodes as well. During the EIS measurements, the samples are kept under 
reducing atmospheres with a constant gas flow (5 vol.% H2 in Ar) while heating up to 650 °C to 
avoid the oxidation of Ni nanoparticles to NiO.  
Figure 5-17a and b show two representative impedance spectra in the form of Nyquist plot 
obtained from a symmetrical cell consisting of 500 nm thick Ni-GDC20 anode layers annealed at 
900 °C for 2h prior to the EIS measurement. The spectra are recorded isothermally at 650 °C and 
Figure 5-16: Cross-sectional SEM images of 500 nm thick Ni-GDC20 cathode layers annealed at (a) 800, (b) 900, and (c) 
1000 °C for 2h subsequent to the spin coating of the stabilized dispersions of NiO-GDC20 (60:40 wt.%) nanoparticles. The 
samples are annealed under a gas flow consisting of 5 vol.% H2 in Ar. 
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600 °C under a constant gas flow of humidified 5 vol.% H2 in Ar. It is observed that the impedance 
spectra in the temperature range of 450–650 °C consist of at least three depressed semicircles. 
Therefore, the equivalent circuit model given in Figure 5-17a (inset) is used to fit the experimental 
data [230], [231], where the inductance element L1 accounts for the inductive effects of the Pt 
wires and measurement setup [165], [225], which is observed at high frequencies and typically at 
high temperatures. The resistance R0 represents the combination of Ohmic losses caused by the 
8YSZ electrolyte, the Ni-GDC20 electrodes, and the current collector layers [79]. Each of the three 
parallel subcircuits R1-CPE1, R2-CPE2, and R3-CPE3 consisting of a resistance (Ri) and a constant 
phase element (CPEi) describe the rate limiting anodic processes. The parameters used in the 
equivalent circuit models (i.e., the admittance constant (Q) and the power of CPE (n)) along with 
the calculated true capacitance (C*) and relaxation frequency (f*) values are presented in Table 
5-5.  
 
Figure 5-17: The impedance spectra of the Pt|Ni-GDC20|8YSZ|Ni-GDC20|Pt symmetrical cell with a 500 nm thick Ni-
GDC20 anode layer measured at (a) 650 and (b) 600 °C. The symmetrical cell Ni-GDC20|8YSZ|Ni-GDC20 is annealed at 
900 °C for 2 h with a heating and cooling rate of 2 °C/min prior to the EIS measurement. Pt current collector layers are 
sputtered symmetrically before the EIS measurement to achieve proper current collection from the thin anode layers. The 
spectra are fitted using the equivalent circuit (a, inset). The circles represent the experimental points, while the full lines 
represent fitting curves. 
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The capacitance of the process taking place at high frequencies is in the same order as a 
typical double layer capacitance, 10-5 F/cm2 [70], [232]. Therefore, the high frequency behavior of 
the anodic impedance (R1-CPE1) is attributed to the charge transfer processes, which are taking 
place at the anode/electrolyte interfaces (at/near TPBs). The capacitance values for the semicircles 
at lower frequencies (R2-CPE2 and R3-CPE3) are calculated in the order of 10
-4 F/cm2 and they are 
attributed to the two rate limiting electrode processes such as adsorption and dissociation of H2 on 
the electrode surfaces [232]. Contrary to the common observation in cermet anodes [230], [233], 
a low frequency process with high capacitance values (~ 1 F/cm2) is not observed, which is 
typically attributed to bulk diffusion processes such as gas transport within the electrode 
microstructure [234].  
Table 5-5: The parameters used for the equivalent circuit model fitting of the impedance spectra at 650 and 600 °C 
obtained from the Pt|Ni-GDC20|8YSZ|Ni-GDC20|Pt symmetrical cell with a 500 nm thick Ni-GDC20 anode layer annealed 
prior to the EIS measurement at 900 °C for 2 h. The true capacitance (C*) and the relaxation frequency (f*) values 
calculated using the CPE parameters are also given for each process. 
T 
(°C) 
R0 
(Ω cm2) 
R1 
(Ω cm2) 
CPE1 𝑪𝟏
∗  
(F/cm
2
) 
𝒇𝟏
∗  
(kHz) 
R2 
(Ω cm2) 
CPE2 𝑪𝟐
∗  
(F/cm
2
) 
𝒇𝟐
∗  
(kHz) Q1 n1 Q2 n2 
650 3.03 2.09 7.10
-4 
0.51 1.10
-6
 57 1.89 7.10
-4
 0.86 2.3.10
-4
 1.5 
600 6.09 3.012 6.10
-4
 0.50 1.10
-6
 48 2.04 5.10
-4
 0.85 1. 5.10
-4
 0.5 
 
T 
(°C) 
R3 
(Ω cm2) 
CPE3 𝑪𝟑
∗  
(F/cm
2
) 
𝒇𝟑
∗  
(Hz) Q3 n3 
650 5.11 1.5.10
-3
 0.82 5.1.10
-4
 75 
600 11.39 7.10
-4
 0.81 2.3.10
-4
 58 
 
The temperature dependence of the area normalized polarization resistance (ASRpol) on the 
measurement temperature for the 500 nm thick Ni-GDC20 anodes annealed in the temperature 
range of 650–1000 °C and for the 80 nm thick sputtered Pt current collector is shown in Figure 
5-18. A good linearity between the ASRpol of the anodes and the reciprocal temperature is obtained 
in the temperature range of 450–650 C for all samples. It is observed that post-deposition 
annealing at high temperatures has an impact on the anode performance. The minimum ASRpol 
value of 8.2 Ω cm2 at 600 °C is obtained for the 500 nm thick Ni-GDC anode, which is annealed at 
900 °C for 2 h prior to the EIS measurement. At the same measurement temperature, the anodes 
annealed at 650 and 800 °C give lowest ASRpol values of 31 and 16.6 Ω cm
2, respectively. The 
increase of the annealing temperature further to 1000 °C leads to an increase of the polarization 
resistance (9.28 Ω cm2 at 600 °C). Activation energies of 0.82 ± 0.04, 0.82 ± 0.04, 0.91 ± 0.02, 
and 0.93 ± 0.03 eV are calculated for the Ni-GDC20 anodes annealed at 650, 800, 900, and 1000 
°C, respectively, which are in a good agreement with the reported activation energies of 0.74 [235] 
and 0.77 eV [139] of the Ni-GDC20 cermet anodes. The electrochemical performance in the form 
of ASRpol agrees well with the spray deposited 500–800 nm thick NiO-GDC20 anodes on 8YSZ 
electrolytes having an ASRpol of 7.2 Ω cm
2 at 600 °C [139].  
It is well known that Pt itself is an excellent electrocatalyst for the oxidation of H2 [17]. 
Therefore, a Pt|8YSZ|Pt symmetrical cell consisting of 200 µm thick electrolyte substrate and 80 
nm thick symmetrically sputtered Pt layers is fabricated to compare the polarization resistance of 
the Pt current collector layers with those of Ni-GDC20 anodes. The cell with only sputtered Pt 
electrodes is prepared identically as the symmetrical cells with spin-coated anode layers with the 
exception that the spin-coated Ni-GDC20 anode is left out. The EIS measurement is conducted in 
the temperature range of 500–600 °C under identical conditions mentioned before. The 
polarization resistance of the Pt|8YSZ interface is found to be at least half order of magnitude 
larger than that of Ni-GDC20 anodes at the same measurement temperature. The activation energy 
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of the Pt|8YSZ interface is calculated as 0.486 ± 0.023 eV. Therefore, any possible catalytic 
contribution of the Pt current collector to the fuel oxidation performance of the Ni-GDC20 anodes 
can be neglected.  
 
5.4. Summary & Conclusion 
 
The nanostructured LSC cathodes and Ni-GDC20 anodes with thicknesses in the range of 200–800 
nm are successfully fabricated on the electrolyte substrates. The fabrication of the thin film 
electrodes is realized by spin coating of the stabilized dispersions of the corresponding 
nanoparticles synthesized via salt-assisted spray pyrolysis method. The stability and particle size 
distribution of the dispersions are crucial to achieve continuous and homogeneous films with 
desired thicknesses. Therefore, zeta potential measurements are performed to evaluate the 
stabilities of synthesized LSC and NiO-GDC20 nanoparticles. The dynamic light scattering 
experiments reveal that the as-synthesized nanoparticles of LSC and NiO-GDC20 (60:40 wt.%) 
have medium particle diameters of 52±1 and 69±1 nm, respectively, in the water-based 
dispersions.  
The electrochemical impedance spectroscopy measurements conducted on symmetrical cells 
reveal that a post-deposition annealing step at temperatures as low as 650 °C for 1 h is sufficient to 
obtain polarization resistance values of 3.71 and 30.3 Ω cm2 at 600 °C for 500 nm thick LSC and 
Ni-GDC20 electrodes, respectively. The efforts to improve the performance of LSC cathodes 
include the fabrication of the LSC-GDC20 nanocomposite cathodes and the polarization resistance 
values of the 500 nm thick LSC cathodes are successfully reduced from 3.71 down to 0.24 Ω cm2 
by percolating highly ionic conductive GDC20 nanoparticles within the cathode microstructure. 
This performance improvement by a factor of more than fifteen is promising, since no high 
temperature annealing step is employed. Therefore, the proposed electrode fabrication method can 
Figure 5-18: Area specific polarization resistances (ASRpol) of the Pt|Ni-GDC20|8YSZ|Ni-GDC20|Pt and Pt|8YSZ|Pt 
symmetrical cells annealed at 650 °C for 1 h in-situ during, and of the Pt|Ni-GDC20|8YSZ|Ni-GDC20|Pt symmetrical cells 
annealed at 800, 900, and 1000 °C for 2 h prior to the EIS measurements, as a function of measuring temperature. 
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be integrated to the fabrication of the micro-SOFC devices as an alternative to the costly and time-
consuming physical vapor deposition methods. Further investigations reveal that post-deposition 
annealing steps have a great impact on the electrochemical performance of the LSC cathodes. The 
500 nm thick LSC cathodes annealed at 900 °C for 2 h lead to the minimum polarization resistance 
value of 0.096 Ω cm2, which is among the best (B)LSC(F)-based cathodes with submicron 
thicknesses. Similar to the LSC cathodes, the post-deposition annealing step at 900 °C for 2 h lead 
to the minimum polarization resistance value of 8.2 Ω cm2 for the 500 nm thick Ni-GDC20 anodes, 
which is also comparable to the reported polarization resistance values of the anodes with similar 
thicknesses, microstructural features, and composition.  
The novel thin film processing method offers an inexpensive and easily scalable thin film 
electrode processing method compared to the vacuum based thin film fabrication techniques, such 
as PLD, CVD, and sputtering. The versatilty of proposed method and the high electrochemical 
parformance of the resulting electrodes makes this electrode fabrication technique an important 
candidate for nanoscaled electrode technology for low temperature SOFCs operating at 600 °C and 
below.  
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6. Fabrication of SOFC Devices 
 
Selected parts of this chapter have also been published in [108] within the framework of 
this thesis. Corresponding sections – with minor conformations included – are indicated 
with a vertical gray bar at the inner page margin2. 
 
Low-temperature SOFCs have drawn significant attention due to their lower material and 
operation costs, greater reliability, and broader applicability to a wide range of applications from 
small scale portable electronics to large scale power generation systems compared to the 
conventional high- and intermediate-temperature SOFC systems [8]. To verify the applicability of 
the nanostructured electrodes presented in the previous chapter to the low-temperature SOFCs, 
the platforms of micro-SOFC and anode-supported SOFC are chosen. In the first part of this 
chapter, the integration of spin-coated LSC cathodes in freestanding micro-SOFC membranes is 
demonstrated as a low cost alternative to Pt electrodes. Furthermore, the proposed electrode 
fabrication technique is a promising alternative to the expensive and time-consuming physical 
vapor deposition methods, which are typically employed to fabricate the thin film electrode 
components of micro-SOFCs. In the second part of this chapter, the synthesized electrode materials 
within the framework of the thesis are tested in the state-of-the-art anode-supported SOFC design. 
The anode supports and thin electrolytes are fabricated by conventional ceramic processing 
techniques, i.e., die pressing and screen printing, respectively. Gd-doped CeO2-based SOFC is 
chosen due to the high ionic conductivity of CeO2-based electrolytes compared to conventional 
ZrO2-based electrolyte materials. The fabrication and electrochemical performance of anode-
supported (LSC|GDC10|Ni-GDC20) SOFCs are reported.  
 
6.1. Integration of Spin-Coated LSC Cathodes into Micro-Solid Oxide Fuel Cell Devices 
 
One of the approaches to eliminate the degradation issues is to integrate oxide-based electrodes 
with better long-term microstructural stabilities in micro-SOFC devices than that of metal-based 
electrodes. To date, the fabrication of mixed ionic-electronic conducting (MIEC) (B)LSC(F) 
cathodes on micro-SOFC platforms has been only realized by physical vapor deposition techniques 
such as sputtering [12], [236], [237] and PLD [112], [238], among which the reported peak 
power densities of 200–262 mW/cm2 in the temperature range of 400–450 °C by Evans et. al. 
[112] stand out. The same platform of LSC|3YSZ|Pt is used in this work to demonstrate the 
applicability of the cost effective fabrication of nanostructured MIEC electrodes by spin coating of a 
dispersion of nanoparticles on freestanding micro-SOFC membranes for the first time.  
 
                                               
2
 Reprinted with persmission from [108]. ©2013, WILEY-VCH. 
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6.1.1. Preliminary Deposition Experiments  
 
To confirm the applicability of the spin coating parameters optimized for the fabrication of 
nanoscaled electrodes in previous chapter, preliminary deposition experiments of LSC cathodes are 
conducted on the 3YSZ thin films fabricated by PLD on Si3N4|Si substrates (Figure 6-1), which are 
the typical platforms to obtain freestanding Si-based micro-SOFC membranes through several 
microfabrication steps. The test substrates do not contain any freestanding membranes, since the 
focus is set on the realization of the spin coating stabilized dispersions of LSC nanoparticles 
successfully on the pulsed layer deposited 3YSZ thin electrolytes. The initial experiments aiming to 
realize 250 nm thick LSC layers yield unsatisfactory electrode layers with non-uniform thicknesses 
and poor surface coverage. This behavior is attributed to the distinct surface properties of the 
electrolyte substrates (8YSZ and GDC10) used in previous chapter and pulsed layer deposited 
Figure 6-1: Schematic view of the 3YSZ|Si3N4|Si substrate, which are used in the preliminary spin coating experiments of 
stabilized dispersions of LSC nanoparticles on the 3YSZ thin films fabricated by PLD. The representation is not drawn to 
scale. 
Figure 6-2: Cross-sectional SEM images of a) the 3YSZ|Si3N4|Si substrate and spin-coated LSC cathodes with thicknesses of 
b) 250 nm, c) 500 nm, and d) 750 nm on the 3YSZ|Si3N4|Si substrates after annealing at 550 C for 1 h. 
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3YSZ thin films. Therefore, a single-step spin coating procedure (spin speed: 1200 rpm, 
acceleration: 200 rpm/s, spin duration: 150 s) is developed to fabricate nanostructured LSC 
cathodes on 3YSZ (PLD) thin films. Subsequent to the spin coating of the LSC dispersion, the 
samples are annealed at 550 C for 1 h in air with a heating and cooling rate of 3 C/min. Figure 
6-2 shows the cross-sectional SEM images of the 3YSZ|Si3N4|Si substrate and LSC cathode layers 
with different thicknesses spin-coated on 3YSZ|Si3N4|Si substrates after the heat treatment at 550 
C for 1 h. The columnar microstructure of 3YSZ electrolyte layers is advantageous in terms of 
enhanced oxygen ion conductivity, as there are no blocking effects associated with the grain 
boundaries [112]. Varying the solid loading of the dispersions, while the spin coating parameters 
are kept unchanged, controls the thickness of the LSC thin films. The cathode layers with 
thicknesses of 250, 500, and 750 nm are realized using dispersions consisting of LSC nanoparticles 
with the solid loadings of 10, 15, and 20 wt.%, respectively. All spin-coated LSC cathodes exhibit a 
nanoparticulate microstructure with high porosity and good adhesion to the underlying 3YSZ 
layer. The nanoporous nature of spin-coated LSC cathodes is favorable to obtain a large active 
surface area for the oxygen incorporation. Furthermore, it is expected that this type of porous 
microstructure might reduce the thermal stresses originating from different thermal expansion 
coefficients of LSC (18–26×10-6 1/K [81], [84], [88], [89]) and 3YSZ (10–11×10-6 1/K [239]) 
compared to dense electrode/electrolyte bilayers, which are typically prone to spalling and 
delamination because of the interfacial shear stresses.  
 
6.1.2. Electrode Fabrication and Electrochemical Characterization 
 
The mechanical and thermo-mechanical stabilities are critical issues for the development of micro-
SOFCs, which relies on the structural integrity of the thin film cell components during the 
fabrication and the operation. Especially, a vibration-generating deposition method like spin 
coating is considerably challenging, which might lead to the mechanical failure of the membranes 
even in the fabrication step. In order to keep the mechanical stability of the membranes during the 
cathode fabrication, two different approaches are followed to spin coat the dispersions consisting 
of LSC nanoparticles on Si-supported micro-SOFC membranes. The first approach relies on the 
mechanical support of the remaining Si substrate deliberately kept under the 3YSZ|Si3N4 bilayer 
after the initial wet chemical etching step as depicted in Figure 6-3a, in which 3YSZ is deposited at 
room temperature and exhibit a slight compressive stress of −270 ± 80 MPa [223]. In the second 
approach, thin LSC cathodes are directly spin-coated on freestanding 3YSZ|Si3N4 membranes 
exhibiting relatively higher compressive stress of −1100 ± 150 MPa [223] (Figure 6-3b) induced 
by higher deposition temperature of 3YSZ by PLD. Figure 6-3c–d show the top-view light 
Figure 6-3: Schematic illustrations of (a) 3YSZ|Si3N4|Si and (b) freestanding 3YSZ|Si3N4 membranes employed for the 
integration of LSC cathodes by spin coating. Representative top-view light microscopy images of (c) 3YSZ|Si3N4|Si 
membranes (after complete wet chemical etching of Si) and (d) freestanding 3YSZ membranes. 
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microscopy images of freestanding 3YSZ|Si3N4 membranes with slight and relatively higher 
compressive stresses, respectively. The membranes with relatively low compressive stresses look 
flat under the light microscope, while the 3YSZ membranes deposited at elevated temperatures 
have the characteristic buckling patterns associated with the compressive stresses within the films. 
Further information about the buckling patterns of pulsed layer deposited YSZ films can be found 
elsewhere [223], [240].  
It is crucial to ensure high survival rates of micro-SOFC membranes after each of 
microfabrication and processing steps. Therefore, the mechanical integrity of the membranes is 
checked under a light microscope after each step. Figure 6-4a–c show the optical microscopy 
images of micro-SOFC membrane arrays at different fabrication steps, which are obtained by spin 
coating of 250 nm thick LSC cathode on a pre-etched 3YSZ|Si3N4|Si membrane. After the LSC 
deposition and subsequent wet chemical etching of the Si support layer (Figure 6-4a), the survival 
rate of the membranes is above 75%. However, after the subsequent steps of reactive ion etching 
of Si3N4 layer and Pt anode deposition, the number of surviving micro-SOFC membranes reduces 
Microfabrication steps 
Figure 6-4: Optical microscopy (top-view) images of the LSC cathodes deposited on the 3YSZ|Si3N4|Si membranes after 
(a) spin coating followed by a heat treatment at 550 °C and wet chemical etching of silicon, (b) RIE of Si3N4 and Pt anode 
deposition, and (c) after fuel cell testing, (d) the number of surviving membranes after each fabrication step.The images 
are taken with incident light. A crack in the membrane A3 in Figure 6-4b is confirmed by imaging with transmitted light.  
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from 23 to 12 prior to the fuel cell testing (Figure 6-4b). According to the Figure 6-4c, only 2 out 
of 30 micro-SOFC membranes survive after the fuel cell testing.  
Figure 6-5 shows the current-voltage and power density characteristics of micro-SOFC array 
consisting of 12 membranes.  The current and power density values are obtained by normalizing 
the experimental data with the total active surface area of 12 membranes. The open-circuit voltage 
(OCV) is 0.9 V and a maximum power density of 0.045 mW/cm2 is obtained at 500 °C using air as 
oxidant and humidified 20 vol.% H2 in N2 as fuel. The lower than expected OCV (~1.1 V) of these 
micro-SOFCs can be attributed to micro-cracks in electrolytes. However, further drop of OCV with 
longer operation time down to 0.65 V suggests a high degree of fuel crossover across the micro-
SOFC membranes, which agrees well with the post-analysis by optical microscopy of micro-SOFC 
membranes (Figure 6-4c). The maximum power density of 0.045 mW/cm2 obtained at 500 °C is 
also gradually reduced after an operation time of 60 minutes down to 0.02 mW/cm2. The failure 
mechanism of the 3YSZ membranes can be attributed to its thermomechanical instability and/or 
the thermal stress arising from the thermal expansion coefficient mismatch between the LSC 
cathode and 3YSZ electrolyte.  
The initial poor electrochemical performance might also be attributed to the microstructural 
features of electrode layers of micro-SOFC membranes such as poor surface coverage, 
delamination, and Pt anode degradation. Therefore, a detailed SEM post-analysis of LSC cathode 
and Pt anode layers is conducted. Figure 6-6a–d show the top-view SEM images of LSC cathode 
and Pt anode layers, respectively. The high magnification images obtained from the areas marked 
by red rectangular indicate that both LSC and Pt electrodes have a good surface coverage on the 
freestanding 3YSZ membranes. The satisfactory surface coverage of freestanding membranes by 
spin-coated LSC cathode is also confirmed by optical microscopy images. The LSC cathode exhibits 
a nanoparticulate microstructure with high porosity and adheres well to the underlying 3YSZ 
layer, which is favorable for high surface exchange rate of the cathodic oxygen reduction reactions. 
Furthermore, the sputtered Pt anode layer seems to keep its dense microstructure after the fuel cell 
testing, as the formation of holes and a break in the symmetry of the original Pt film are not 
present.  
Figure 6-5: Cell voltage and power density curves obtained from 12 micro-SOFC membranes with 250 nm thick LSC 
cathodes deposited on 3YSZ membranes with slight compressive stress. The inset shows the photograph of the Si chip 
with micro-SOFC array before the fuel cell testing and the Pt wires used for current collection. The damaged membranes 
are sealed from the anode side using a ceramic paste to prevent fuel cross-over. 
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The low electrochemical performance might also stem from the second wet chemical etching 
step of the microfabrication process, as the spin-coated LSC cathode is required to be covered by a 
protective layer, which is then removed by acetone washing. It is suspected that the use of such 
protective layer might disrupt the integrity of the LSC cathode layer. It might be also possible that 
any residue remained after the removal of the protective layer blocks the electrochemically active 
sites and reduces the in-plane electronic conductivity of thin LSC cathode and eventually leading 
to a poor electrochemical performance and current collection.  
The promising results obtained from spin coating experiments of LSC cathodes on micro-SOFC 
membranes (survival rate ~75%), the stress engineering study of pulsed layer deposited 
freestanding YSZ membranes by Evans et. al. [223], and the mechanical stability investigation for 
such micro-SOFC membranes by Tölke et. al. [111] are encouraging results to use a modified 
approach for further attempts to integrate spin-coated LSC cathodes in micro-SOFCs, in which the 
thin LSC cathodes are directly spin-coated on freestanding membranes exhibiting relatively higher 
compressive stress. Figure 6-7a–c show the optical microscopy images of micro-SOFC membrane 
arrays obtained by spin coating of 250 nm thick LSC cathode on freestanding 3YSZ|Si3N4 
membranes at different fabrication steps. As presented in Figure 6-7d, it is possible to deposit the 
LSC cathodes on such 3YSZ membranes with high survival rates (>95%). The following 
fabrication steps (RIE of Si3N4 layer and Pt anode deposition) do not reduce the survival rate of the 
freestanding membranes significantly as depicted in Figure 6-7b and d. According to the Figure 
Figure 6-6: SEM analysis of LSC|3YSZ|Pt micro-SOFC membranes after the fuel cell testing. a) Top-view image of a micro-
SOFC membrane (C5 in Figure 6-4c) c) covered by LSC cathode ruptured during the fuel cell testing and (b) high 
magnification image showing the cathode microstructure and cross-section of the membrane. c) Bottom-view image of a 
micro-SOFC membrane (A1 in Figure 6-4c) covered by Pt anode layer survived after the fuel cell testing and (d) high 
magnification image showing the anode microstructure. 
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6-7c, 24 out of 30 micro-SOFC membranes survive after the fuel cell testing. This substantial 
improvement of the survival rates of micro-SOFC membranes is attributed to the high 
thermomechanical stability of 3YSZ films due to their high residual compressive stresses [223]. 
Furthermore, potential stresses arising from the thermal expansion coefficient mismatch between 
LSC and 3YSZ is compensated well by the residual compressive stress within the 3YSZ membranes.  
The photograph of the Si chip consisting of a micro-SOFC array (LSC|3YSZ|Pt) is shown in 
Figure 6-8a. Several single micro-SOFCs are separated from each other by scratching off the spin-
coated LSC cathode layers as shown in the optical microscopy image in Figure 6-8b. Pt wires with 
bent tips covered with Pt paste are used for current collection from individual cells (Figure 6-8c). 
The cell voltage and power density curves of the micro-SOFCs with buckled 3YSZ membranes with 
250 nm thick cathodes are shown in Figure 6-8d and e. The cells exhibit a theoretical open-circuit 
voltage of 1.05 V using air as the oxidant and diluted hydrogen (20 vol.%) as the fuel in a 
temperature range of 355–550 °C. This indicates that the surviving membranes are gas-tight 
during the fuel cell testing and there is no fuel crossover. The micro-SOFC membrane in the 
Microfabrication steps 
Figure 6-7: Optical microscopy (top-view) images of the LSC cathodes deposited on the 3YSZ|Si3N4 freestanding 
membranes after (a) spin coating followed by a heat treatment at 550 °C, (b) RIE of Si3N4 and Pt anode deposition, and 
(c) after fuel cell testing, (d) the number of surviving membranes after each fabrication step. The images are taken with 
incident light. 
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middle of the Si chip delivers a maximum power density of 12 mW/cm2 at 500 °C (Figure 6-8d), 
whereas a maximum power density of 3 mW/cm2 at 500 °C (Figure 6-8c) is obtained from the 
membrane towards the edge of the Si chip. The thickness distribution of the LSC cathodes is 
checked on different free-standing membranes on the same chip and it is observed that the 
thickness of LSC electrodes on the membranes close to the middle of the chip is higher about 50 
nm than that close to the edge of the chip, which is typical for spin coating deposition process. 
Therefore, the higher electrochemical performance of the membrane in the center of the Si chip 
might be attributed to this non-uniform thickness distribution of the spin-coated LSC films, which 
yields relatively thicker LSC films in the center of the substrates and eventually more active sites 
for the oxygen incorporation.  
Figure 6-9a–f show the top-view SEM and cross-sectional focused ion beam (FIB) microscopy 
images of LSC cathode and Pt anode layers after the fuel cell testing. Both LSC and Pt electrodes 
have a good surface coverage on freestanding 3YSZ membranes. Only the small dark areas are not 
covered by LSC cathodes as shown in Figure 6-9a and b. The microstructure of LSC cathode layer 
does not alter upon fuel cell testing, as the high magnification top-view image of the cathode layer 
in Figure 6-9b(inset) exhibits the typical nanoparticulate microstructure of the spin-coated LSC 
cathode layers. This type of nanoporous microstructure facilitates large surface exchange areas for 
oxygen reduction and induces lower shear stresses on the underlying 3YSZ electrolyte layer during 
the fuel cell operation compared to denser thin film oxide alternatives. Figure 6-9c and d indicate 
that sputtered Pt anodes are slightly degraded after the fuel cell testing, as the coarsening and the 
formation of holes within the thin film starts to emerge. It is also observed that the coarsening of 
the Pt anode layer is more pronounced on the sidewalls of Si chip (Figure 6-9c), since the 
formation of metallic islands is present. The degradation of Pt anode layers leads to poor 
Figure 6-8: a) The photograph of the Si chip with micro-SOFC array (LSC|3YSZ|Pt). Pt wires (the tips being covered by Pt 
paste) used for current collection from individual micro-SOFC membranes. The micro-SOFC membranes are separated 
from each other on Si-chip by scratching off the spin-coated LSC cathode layer. b, c) Optical microscopy images, taken 
with transmitted and incident light, respectively, showing the separation of micro-SOFCs and the position of the current 
collecting Pt wire tip. Cell voltage and power density curves obtained from micro-SOFC membranes (d) in the middle and 
(c) towards the edge of the Si chip. 
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electrochemical performance with prolonged operation times because of the decrease of number of 
active reaction sites and poor current collection from the Pt anode layers.    
The precise determination of the cathode thickness is important in terms of two aspects. First, 
the maximum electrode thickness which is limited by the thermal stresses within the electode-
electrolyte bilayers gives a valuable information necessary to achieve thermomechanically stable 
micro-SOFC membranes. Secondly, the thickness of MIEC electrode layers has a direct effect on 
the electrochemical properties. Therefore, the microstructures of the LSC and Pt electrodes are 
investigated by cross-sectional FIB polished cuts, which are also used for the precise determination 
of the thickness of the electrode layers. Figure 6-9e and f show nanoparticulate LSC microstructure 
and that there is good adhesion to the underlying 3YSZ electrolyte layer. The 250 nm thick LSC 
cathodes have a grain size of 40–50 nm and exhibit a microstructure with homogeneously 
Figure 6-9: SEM (top-view) and FIB (cross-sectional) analyses of LSC|3YSZ|Pt micro-SOFCs with buckled 3YSZ membranes 
after the fuel cell testing. a) Top-view image of a micro-SOFC membrane covered by LSC cathode and (b) higher 
magnification images showing the cathode microstructure. c, d) Bottom-view image of a micro-SOFC membrane covered 
by Pt anode layer. e) FIB cross-sectional image of a freestanding buckled micro-SOFC membrane. f) High magnification 
image of the micro-SOFC membrane evidencing the 3D-architecture of the 250 nm thick cathode, the 300 nm thick dense 
3YSZ electrolyte, and the 80 nm thick Pt anode layers in the membrane after testing at 500 °C for 1 h. 
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distributed pores, which is favorable for gas circulation and oxygen exchange. The 80 nm thick 
sputtered Pt anode layers seem to adhere well to the electrolyte layer. The degradation of anode 
layer asociated with the coarsening of Pt grains is more pronounced in Figure 6-10. Another 
important aspect, which can be observed in this sample is the broken continuity of the Pt anode 
layer especially at the trenches of the etched Si side-wall and the bottom of the freestanding 
membranes.  
This first set of electrochemical data clearly demonstrates that it is possible to integrate porous 
electrodes using atmospheric deposition techniques in silicon-supported micro-SOFC membranes. 
Furthermore, the thickness of spin-coated LSC cathodes integrated in micro-SOFC membranes in 
this work is significantly higher than the (B)LSC(F)-based micro-SOFC cathodes reported in 
literature, which are typically fabricated by physical vapor deposition methods [104], [112], 
[190], [236], [237], [241]. This is a promising result for the future enhancement of the 
electrocatalytic activity of the MIEC cathode layers in micro-SOFC devices. However, the maximum 
power density obtained from the micro-SOFC membranes with spin-coated LSC cathodes is lower 
than the 200 mW/cm2 of the micro-SOFC chips with pulsed layer deposited LSC cathodes 
measured at 400 °C [112]. Figure 6-11 presents the maximum power densities obtained in this 
work along with the literature data for micro-SOFCs with (B)LSC(F)-based electrodes. The lower 
electrochemical performance of the micro-SOFCs obtained in this work is attributed mainly to the 
poor electrochemical activity of the spin-coated LSC cathodes. It has been shown in the previous 
chapter that the 250 nm thick LSC cathodes post-annealed at 650 °C for 1 h subsequent to spin 
coating have area specific polarization resistance of 15 Ω cm2 at 550 °C under open-circuit 
conditions. The possibility of the formation of an insulating layer at the LSC/YSZ interface is 
neglected, since micro-SOFCs are subjected to relatively low temperatures during fabrication and 
fuel cell testing. The leveling off of the power density above 455 °C indicated by an extrapolation 
in Figure 6-11 is attributed to the fast degradation of the Pt anode [112], [192]. This is also in 
good agreement with the microstructural observations regarding the anode degradation.  
As already discussed in previous chapter, the electrochemical activity of the spin-coated LSC 
cathodes can be improved by a number of approaches such as blending the LSC cathodes with 
GDC20 nanoparticles leading to nanocomposite thin film electrodes, post-annealing of the spin-
coated LSC cathodes at higher temperatures than 650 °C, and increasing the electrode thickness. 
The initial experiments aiming the proof of concept for the fabrication of porous micro-SOFC 
electrodes by spin coating do not cover those approaches due to the following reasons: Firstly, the 
Figure 6-10: FIB cross-sectional image of a freestanding buckled micro-SOFC membrane after fuel cell testing at 550 °C for 
1 h. 
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LSC-GDC composite cathodes are not considered for the purpose of the performance comparison 
with the micro-SOFCs utilizing typically single phase (B)LSC(F)-based electrodes. Even though 
LSC-GDC cathodes have enhanced electrochemical performance in conventional SOFC design, 
which typically utilizes an additional current collector layer, percolating GDC nanoparticles within 
the LSC cathodes might reduce the in-plane electronic conductivity of the cathode layers and 
eventually current collection ability, as no additional current collector layer is utilized in fuel cell 
testing experiments. Secondly, the maximum post annealing temperature is limited to 600 °C in 
accordance with the thermomechanical stability study of freestanding YSZ membranes by Evans et. 
al. [223]. The annealing duration is also kept as short as possible (maximum 1 hour) to prevent 
any interfacial reactions towards zirconate formation. Finally, the electrode thickness of 250 nm is 
not exceeded due to the uncertainty about the thermomechanical limits of the micro-SOFC 
membranes.  
 
6.2. LSC Cathodes in Anode-supported SOFC Design 
 
Within this part of the thesis, the spin-coated and screen-printed LSC cathodes are implemented in 
the state-of-the-art anode-supported SOFC design to demonstrate the applicability.  
The half-cells consisting of NiO-GDC20 (60:40 wt.%) anode supports and thin GDC10 
electrolyte layers are fabricated identically for all samples. The anode-supported SOFC design with 
spin coated LSC cathodes is shown schematically in Figure 6-12a and denoted as SC-SOFC (spin-
coated SOFC) hereafter. In the SC-SOFC samples, the screen-printed LSM current collector layers 
are utilized to improve the current collection from the thin film LSC cathode layers. On the other 
hand, a current collector layer is not applied to the samples with screen-printed LSC cathodes 
(Figure 6-12b), as the thickness of the cathode layers are sufficiently high for the proper current 
collection. The anode-supported SOFCs with screen-printed LSC cathodes are abbreviated as SP-
SOFCs.  
[112] 
[237] 
[236] 
[241] 
[104] 
[190] 
Figure 6-11: The peak power densities of micro-SOFCs with (B)LSC(F)-based electrodes. 
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Figure 6-12c shows the photographs of a pre-sintered anode support (I), a GDC10|NiO-
GDC20 half-cell (II), and a full SOFC (LSC|GDC10|Ni-GDC20) with a screen-printed LSC cathode 
(III). Both screen printing and spin coating deposition techniques lead to a proper and uniform 
surface coverage of the substrates with desired electrolyte and cathode layers. The deposition and 
post sintering steps do not lead to any visible cracks or delamination within the samples. After the 
co-sintering step of anode support/electrolyte bilayers, no obvious bending is observed from the 
edges of the sample. The cell area is limited by the size of anode supports, even though it is 
possible to fabricate SOFC components in larger scales by spin coating and screen printing 
deposition techniques. Readers may refer to the Sections 3.2 and 3.4 for detailed information on 
the fabrication of individual SOFC components and anode-supported SOFCs.  
The cross-sectional SEM images of the SC-SOFC are given in Figure 6-13. The low 
magnification image given in Figure 6-13a shows that after sintering at 1400 °C for 3 h, the screen-
printed GDC10 electrolyte layer is dense without any open pores between the Ni-GDC20 cermet 
anode support (bottom layer) and the LSC/LSM bi-layered cathode layer (top layer), which 
indicates that the GDC10 electrolyte layers are gas-tight. The electrolyte layer is uniform in 
thickness and adheres well to the adjoining cell components. The average thickness of the GDC10 
electrolyte is found to be approximately 11 µm. Both electrodes have a porous microstructure, 
which is favored for an effective gas circulation. High magnification images in Figure 6-13b and c 
show that both cathode and anode layers adhere well to the GDC10 electrolyte and show an 
excellent continuity along the electrode/electrolyte interfaces. The cathode layer of the SC-SOFC 
sample consists of a thin spin-coated nanoparticulate LSC layer with an approximate thickness of 
1.5 µm and a screen-printed LSM current collector layer with an approximate thickness of 17 µm. 
The cathode bilayer is homogenous, continuous, and well formed. The Ni-GDC20 anode support 
has the thickness of approximately 1 mm (not shown in SEM images in Figure 6-13) and a porous 
microstructure, which provides not only easy transport of the fuel gas but also higher surface area 
for the fuel oxidation. To confirm homogeneity of the Ni and GDC20 phases within the anode 
support, the elemental distribution is characterized at micrometer scale by EDS displaying the 
integrated intensity of elemental signals as a function of beam position in the SEM. The SEM 
image in Figure 6-14a and the corresponding elemental distributions of Ni, Ce, and Gd (Figure 
6-14b–d) show that the Ni and GDC20 phases are homogeneous and well percolated in the anode 
supports. The comparison between the microstructures of LSC cathode layer and anode support 
indicate that Ni-GDC20 anode support consists of much coarser particles, which is due to the high 
Figure 6-12: Schematic representations of the (a) spin-coated (SC-SOFC) and (b) screen-printed (SP-SOFC) anode-
supported SOFC designs used for the fuel cell testing. c) The photograph showing (I) a pre-sintered NiO-GDC20 anode 
support, (II) a NiO-GDC20|GDC10 half cell prior to the sintering, and (III) a Ni-GDC20|GDC10|LSC SP-SOFC after post-
deposition annealing at 900 °C. 
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sintering temperature of the anode support/electrolyte bilayers. The SEM images before and after 
the fuel cell tests indicate that the porous microstructure of the anode supports is induced upon 
the volume change accompanied by the reduction of NiO to Ni by the fuel gas flow. The typical 
bimodal pore distribution reported in cermet anode supports [242]–[244] is not observed, as no 
pore-forming agents are used during the anode support fabrication. The decomposition of the pore 
formers usually leads to pores with larger sizes, whereas the fine pores typically originate from the 
reduction of NiO to Ni.   
Figure 6-15 shows the current-voltage and power density characteristics of the SC-SOFC at 
different temperatures. The open circuit voltage values are 0.908, 0,96, and 1.093 V at 600, 550, 
Figure 6-13: Cross-sectional SEM images of a fractured SC-SOFC before fuel cell testing. a) Low magnification cross-
sectinal image showing the porous electrode and dense electrolyte layers. b, c) High magnification images of the 
electrode/electrolyte interfaces. The anode side of the sample is reduced prior to the SEM investigation to confirm the 
porosity of the anode support. 
Figure 6-14: SEM image of the Ni-GDC20 anode support (a) and corresponding elemental EDX maps showing the 
distribution of (b) Ni, (c) Ce, and (d) Gd. 
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and 500 °C, respectively, which are acceptable for GDC-based SOFCs [245] and in a good 
agreement with the OCV values of the GDC based SOFCs reported in the literature [185], [186], 
[188]. The lower OCVs than the theoretical ones are attributed to the internal short circuit of the 
GDC electrolyte layer induced by the exposure to the reducing atmospheres [188]. It can be seen 
that there is a non-linear relationship between the cell voltage and the current density, which can 
be explained by distinct sources of the cell polarization at different current densities. At lower 
current densities the overpotential can be attributed to the activation polarizations, while at higher 
current densities the Ohmic polarization is mainly responsible for the reduction of the cell voltage, 
as the cell voltage decreases linearly with increasing current density. The maximum power 
densities are 88, 79, and 58 mW/cm2 at 600, 550, and 500 °C, respectively.   
To determine the possible reasons for the poor electrochemical performance of the cells with 
spin-coated LSC thin film cathodes, EIS measurements are conducted. Figure 6-16 shows the 
impedance spectrum of a single SC-SOFC measured under open circuit conditions at 600 °C using 
air as oxidant and humidified 5 vol.% H2 in Ar as fuel. The positive imaginary component at high 
frequency part of the complex impedance plot is attributed to the inductance of the electrical 
cables of the measurement system [246]. The impedance spectrum consists of partially 
overlapping semicircles and can be divided into three regions: a high-frequency region with f>1 
kHz, a mid-frequency region with 1 Hz<f<1 kHz, and a low-frequency region with f<10 mHz. 
Based on the literature [247], the high- and mid- frequency semicircles are associated with the 
electrode related charge transfer and the surface exchange processes, while the low-frequency 
semicircles are typically attributed to the gas diffusion limitations within the electrode layers. The 
area specific Ohmic resistance (ASROhmic) of the cell is determined from the high frequency 
intercept of the impedance spectrum with the real axis of the Nyquist plot, while the area 
normalized electrode polarization resistance (ASRpol) is obtained from the difference between the 
high and low frequency intercepts of the impedance spectrum with the real axis of the Nyquist 
plot. Since the low frequency data does not reach to the real axis, the intercept point at low 
frequency part of the spectra is estimated by extrapolation. The extremely high ASROhmic of 3.7 Ω 
cm2 and ASRpol  of approximately 60 Ω cm
2 can be explained by several potential complications. 
Since the OCV values are in a good agreement with literature data, the low performance of the cell 
Figure 6-15: Cell voltage and power density curves obtained from the SC-SOFC at 600, 550, and 500 °C using air as 
oxidant and humidified 5 vol.% H2 in Ar as fuel.  
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is not attributed to the failure of the electrolyte layer. The possibility of the formation of any 
insulating layers at the cathode/electrolyte interface is also neglected, as the cathode layers are 
not subjected to high temperatures during the fabrication and the fuel cell testing.  Instead, the 
SEM analyses after the fuel cell testing confirm the delamination between the spin-coated LSC 
cathode layers and the GDC10 electrolyte. The cracks at the interfaces are shown in Figure 6-17a–
c. The complete failure of the cathode layer is also observed in other parts of the same sample 
(Figure 6-17d). The failure of the cathode layer is most probably due to the thermal expansion 
Figure 6-16: Impedance spectrum of the SC-SOFC at 600 °C recorded using air as oxidant and humidified 5 vol.% H2 as 
fuel under open circuit conditions. 
Figure 6-17: Cross-sectional SEM images of SC-SOFC after the fuel cell testing. a, b, c) SEM images showing surface cracks 
at different magnifications. d) SEM image shows the delamination at the cathode/electrolyte interface. 
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coefficient mismatch between the GDC10 electrolyte (TECGDC=12×10
-6 1/K [90]) and the cathode 
components of LSC (18–26×10-6 1/K [81], [84], [88], [89]) and LSM (TECLSM=12.4×10
-6 1/K 
[248]). The delamination of the cathode layer causes the decrease of reaction sites and eventually 
leads to larger ASR values.   
The symmetrical cells consisting of GDC10 electrolyte, LSC thin cathodes, and LSM current 
collector layers were utilized in the previous chapter to characterize the electrochemical 
performance of the spin-coated thin LSC cathode layers. However, no sign of delamination was 
observed in those samples. The distinct behavior of the same interfaces might be attributed to the 
different experimental conditions. The symmetrical samples with LSM/LSC/GDC interfaces were 
only characterized under open circuit conditions, whereas the LSM/LSC/GDC interfaces in anode-
supported SOFC configuration undergo cathodic overpotentials.  
To overcome the possible thermomechanical stresses leading to the delamination of the LSC 
cathode/LSM current collector bi-layer from the GDC10 electrolyte, only a screen-printed LSC 
layer is utilized as cathode (Figure 6-12b). The cross-sectional SEM micrographs of the SP-SOFC 
are given in Figure 6-18. The microstructural features of the GDC10 electrolyte and Ni-GDC20 
anode support are indistinguishable from ones of SC-SOFC samples, as they are fabricated 
identically for all samples. The screen-printed LSC electrode layer with an approximate thickness 
of 10 µm has a porous microstructure, which is favored for an effective gas circulation. High 
magnification images in Figure 6-18b–d show that the screen-printed LSC cathode adheres well to 
Figure 6-18: Cross-sectional SEM images of a fractured SP-SOFC before fuel cell testing. a) Low magnification cross-sectinal 
image showing the porous electrode and dense electrolyte layers. b, c, d) High magnification images of the 
electrode/electrolyte interfaces. The anode side of the sample is reduced prior to the SEM investigation to confirm the 
porosity of the anode support. 
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the GDC10 electrolyte and shows an excellent continuity along the cathode/electrolyte interface.  
Figure 6-19 shows the current-voltage and power density characteristics of the SP-SOFC at 
different temperatures. The open circuit voltage (OCV) values are 0.938, 0.921, and 0.952 V at 
600, 550, and 500 °C, respectively. Similar to the SC-SOFCs, there is a non-linear relationship 
between the cell voltage and current density, which can be explained by distinct sources of the cell 
polarization at different current densities. The maximum power densities are 318, 153, and 52 
mW/cm2 at 600, 550, and 500 °C, respectively. The peak power density at 600 °C is improved from 
88 to 318 mW/cm2 by changing the cathode design from bi-layered LSC-LSM to one-layered LSC 
cathode, which can be attributed to the better thermomechanical stability of the screen-printed 
LSC cathode layers, as no evidence of delamination is found in SEM investigations conducted after 
the fuel cell tests.   
In Table 6-1, the maximum power density value obtained in this work is compared to those 
reported in the literature with similar cell designs and comparable electrode material systems. 
Recently, Lee et. al. [245] have reported the Ni-GDC10|GDC10(4.9 µm)|BSCF-GDC10 cell with a 
core/shell cathode microstructure exhibiting exceptional power densities above 2 W/cm2 at 600 
°C. Gwon et. al. [172] have also obtained impressive power density (1.58 W/cm2 at 600 °C) from 
the GDC-based anode-supported SOFCs with LSC-GDC composite cathode synthesized by a Pechini 
method. The relatively lower power density value (318 mW/cm2 at 600 °C) reported in this work 
might stem from several reasons. The most conspicuous cause for the low power density is the low 
concentration of H2 in the fuel used in fuel cell testing, which might contribute to the electrode 
polarization of the anode supports by increasing the mass transport losses. The low reactant 
concentration can be problematical issue at the anode side of the SOFC due to the large thickness 
of the anode support layers (0.8–1 mm). Furthermore, high Ohmic and activation polarization 
losses might also lead to the reduction of the power density of cells. To determine the origins of 
cell polarizations individually, EIS measurements are conducted.  
 
 
 
 
Figure 6-19: Cell voltage and power density curves obtained from the SP-SOFC. 
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Table 6-1: Peak power density values of GDC-based anode-supported SOFCs obtained at 600 °C with comparable 
electrode materials. All SOFCs ustilize air as oxidant.  
Anode|Electrolyte|Cathode 
Electrolyte 
thickness 
(µm) 
Power 
density 
(mW/cm2) 
Fuel Ref 
Ni-GDC|GDC|BSCF-GDC 4.9 2110 Pure H2 [245] 
Ni-SDC|GDC|BSCF-SDC 20 1010 3 vol.% humidified H2 [37] 
Ni-GDC|GDC|LSCF-GDC 30 1021 3 vol.% humidified H2 [185] 
Ni-GDC|GDC|LSC-GDC 14.8 1580 3 vol.% humidified H2 [172] 
Ni-GDC|GDC|LSC 10 318 Humidified H2:Ar 1:19 This work 
 
Figure 6-20 shows the impedance spectrum obtained from the SP-SOFC sample at 600 °C 
under open circuit conditions using 21 vol.% air in N2 as oxidant and humidified 5 vol. % H2 in Ar 
as fuel.  Similar to the SC-SOFC, the impedance spectrum consists of partially overlapping 
semicircles and can be divided into three regions: a high-frequency region with f>1 kHz, a mid-
frequency region with 1 Hz<f<1 kHz, and a low-frequency region with f<10 mHz. Due to the 
overlapping of the time constants of the distinct processes, the total impedance response of the cell 
cannot be reliably fitted using an equivalent circuit. Therefore, the Ohmic loss of the cell is 
obtained from the high frequency intercept, while the electrode polarization resistance is extracted 
from the difference between the high and low frequency intersections/projections on real axis of 
the Nyquist plots. Under specified measurement conditions, the ASROhmic and ASRpol values are 
found to be as 0.17 and 1.92 Ω cm2, respectively. In comparison to the reported Ohmic resistance 
values of the anode-supported SOFCs of Ni-GDC10|GDC10(30 µm)|LSCF-GDC10 (ASROhmic=0.06 
Ω cm2 at 600 °C [185]) and Ni-GDC10|GDC10(10 µm)|BSCF (ASROhmic=0.07 Ω cm
2 at 600 °C 
[249]) cells having comparable electrolyte thicknesses, the higher Ohmic resistance obtained for 
the cells in this work might be attributed to higher Ohmic resistance of electrode layers and/or 
poor current collection from the cells.  
Even though the Ohmic loss of the SP-SOFC is slightly higher than those reported in the 
literature, the performance of the cell is limited by non-Ohmic losses, as the ASRpol is one order of 
magnitude larger than the ASROhmic. In order to observe the effect of the H2 concentration on the 
fuel cell performance, the impedance spectroscopy measurements are conducted using the same 
Figure 6-20: Impedance spectrum of the SP-SOFC at 600 °C recorded using air as oxidant and humidified 5 vol.% H2 as 
fuel under open circuit conditions. 
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sample by systematically changing the concentration of H2 in the fuel gas, while the oxygen 
concentration remains constant at the cathode side of the cell. Figure 6-21 shows the evolution of 
the impedance spectra upon the dilution of the fuel gas. As the fuel is diluted, the ASRpol of the cell 
increases. Furthermore, it is observed that only the low frequency processes are influenced by the 
fuel composition, while the processes at higher frequency parts of the spectra are unaffected. 
Therefore, the low frequency part of the impedance spectra are fitted using an equivalent circuit 
consisting of a resistance (RL) and a constant phase element (CPEL) connected in parallel. The fits 
are shown with solid red lines in the Nyquist plot in Figure 6-21 and the fitting parameters are 
listed in Table 6-2 along with the estimated Ohmic (ASROhmic) and total polarization (ASRpol) 
losses.  
Table 6-2: The parameters used for the equivalent circuit model fitting of a part (0.3–0.01 Hz) of the impedance spectra 
recorded at 600 °C obtained from the SP-SOFC by changing the concentration of H2 in the fuel gas. The true capacitance 
(C*) and the relaxation frequency (f*) values calculated using the CPE parameters are also given for each process. 
Estimated Ohmic (ASROhmic) and total polarization (ASRpol) losses are also listed for the purpose of the comparison.  
H2 concentration in 
fuel gas (vol. %) 
ASROhmic 
(Ω cm2) 
ASRpol 
(Ω cm2) 
RL 
(Ω cm2) 
CPEL 𝑪𝑳
∗  
(F/cm
2
) 
𝒇𝑳
∗  
(Hz) QL nL 
1 0.17 2.38 1.58 1
 
0.89 1.05 0.09 
2.5 0.17 2.17 1.37 0.86 0.88 0.87 0.14 
5 0.17 1.92 1.13 0.85 0.88 0.84 0.14 
 
Depending of the magnitude of the calculated capacitance values, the low frequency 
semicircles might be attributed to the mass transfer processes rather than the charge transfer and 
the surface exchange including the adsorption/diffusion/dissociation processes [33], [247]. 
Apparently, the low frequency semicircle is dependent of the partial pressure of H2 and decreases 
as the concentration of H2 in the fuel gas increases. Furthermore, the polarization loss of the SP-
SOFC is dominated by the processes observed at low frequency part of the impedance spectra. This 
indicates that higher power densities can be obtained simply by utilizing fuels with higher H2 
concentration than 5 vol.%.   
 
6.3. Summary & Conclusion 
 
The proof of concept for the fabrication of porous micro-SOFC electrodes by spin coating of 
suspensions onto freestanding membranes is demonstrated for the first time. The amount of the 
Figure 6-21: Impedance spectra of the SP-SOFC at 600 °C under open circuit conditions.  
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compressive stress present in the 3YSZ membranes has an effect on mechanical and 
thermomechanical stability of the micro-SOFCs during the fabrication and the operation. Thin LSC 
cathodes are fabricated by spin coating on weakly buckled (compressive stress) 3YSZ freestanding 
membranes successfully with a survival rate higher than 95%. The thermal expansion coefficient 
mismatch between the LSC and 3YSZ is compensated by the intrinsic compressive stress of the 
3YSZ membranes. A micro-SOFC membrane consisting of an LSC cathode (250 nm), a weakly 
buckled 3YSZ electrolyte (300 nm), and a Pt anode (80 nm) exhibit an open-circuit voltage of 1.05 
V and a maximum power density of 12 mW/cm2 at 500 °C. The low electrochemical performance 
of the micro-SOFC membranes is attributed to the high electrode polarization originating most 
probably from the LSC cathode. Due to the thermomechanical ambiguity, the LSC|3YSZ bi-layers 
cannot be annealed at temperatures higher than 550 °C subsequent to spin coating, even though 
relatively higher temperatures and longer durations are needed to obtain LSC cathodes with 
improved electrochemical properties. Furthermore, the fuel cell testing is limited by the Pt anode 
degradation, which is observed by the presence of the leveling off the power densities above 450 
°C.  
The state-of-the-art electrode materials LSC and NiO-GDC20 obtained by salt-assisted spray 
pyrolysis are utilized for the fabrication of electrodes for the anode-supported SOFCs. The disc-like 
NiO-GDC20 anode support/GDC10 electrolyte bi-layers are obtained by uniaxial pressing of spray-
pyrolyzed NiO-GDC20 nanopowders and subsequent GDC10 electrolyte deposition by screen 
printing. The SOFCs with the spin-coated thin LSC cathodes show poor electrochemical 
performance, which is mainly attributed to the thermomechanical failure of the cathode layers 
during the fuel cell testing. On the other hand, the SOFCs with the screen-printed LSC cathodes 
exhibit promising electrochemical performance (318 mW/cm2 at 600 °C). The performance 
improvement in the maximum power density of the SOFCs is attributed to the improved 
thermomechanical stability of the cell components. Electrochemical impedance spectroscopy 
experiments indicate that the lower electrochemical performance of the anode-supported SOFCs 
compared to those reported in the literature might stem from the use of diluted fuel, high 
activation losses associated with the electrodes, and poor current collection.  
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7. Conclusions and Outlook 
 
7.1. Conclusions 
 
The main findings of the research covered in this thesis are summarized as follows: 
 
I. The salt-assisted spray pyrolysis method allows for the synthesis of phase pure 
nanostructured electrode materials of La0.6Sr0.4CoO3-δ and NiO-Ce0.8Gd0.2O2-δ. The 
morphology of the powders can be tailored in terms of particle size from the micro 
scale down to the 50 nm by adjusting the synthesis parameters, i.e., pyrolysis 
temperature and NaCl concentration of the precursor solution. 
 
II. The modification of the ultrasonic spray pyrolysis method by the utilization of NaCl 
does not only result in nanoparticles with smaller particle sizes and narrower size 
distributions but also leads to a substantial increase in specific surface area by 50%, 
which is particularly crucial since high surface area of nanoparticulate electrodes would 
significantly increase the length of triple phase boundaries and the number of active 
reaction sites of composite and mixed ionic-electronic conductive electrodes, 
respectively. 
 
III. The spectroscopic analyses confirm the chemical composition and the purity of the 
electrode materials both at micro (SEM) and nanoscale (STEM). It is verified that 
utilization of NaCl does not lead to any contamination of the products, as neither Na 
nor Cl signal is detected in the EDX spectroscopy analyses. In addition, the STEM–EDX 
elemental mapping experiments indicate that a homogeneous elemental distribution at 
nanoscale is obtained. 
 
IV. The nanostructured LSC cathodes and Ni-GDC20 anodes with thicknesses in the range 
of 200–800 nm are successfully fabricated on the electrolyte substrates by spin coating 
of the stabilized dispersions of the synthesized nanoparticles. The resulting thin film 
electrodes exhibit porous microstructure. Additionally, they are continuous, crack-free, 
and homogeneous. 
 
V. The electrochemical impedance spectroscopy measurements conducted on symmetrical 
cells show that a post-deposition annealing step at 650 °C for 1 hour leads to the 
polarization resistance values of 3.71 and 30.3 Ω cm2 at 600 °C for the 500 nm thick 
LSC and Ni-GDC20 electrodes, respectively. These initial low performances of the 
electrodes are attributed to the potentially high contact resistance within the electrodes 
and at the electrode/electrolyte interfaces. As an alternative to the conventional 
sintering approach at elevated temperatures to obtain improved inter- and intra-layer 
contacts, the efforts to improve the electrochemical performance of the LSC cathodes 
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focus on the fabrication of LSC-GDC20 nanocomposite cathodes. Using this approach, 
the polarization resistance values of the 500 nm thick LSC cathodes are successfully 
reduced from 3.71 down to 0.24 Ω cm2 by only percolating highly ionic conductive 
commercially available GDC20 nanoparticles within the cathode microstructure. This 
performance improvement by a factor of more than one order of magnitude is 
promising, since no high-temperature annealing step is employed. Therefore, the 
proposed cathode fabrication method can be integrated to the fabrication of the micro-
SOFC devices as an alternative to the costly and time-consuming physical vapor 
deposition methods. 
 
VI. Further investigations reveal that the post-deposition annealing steps have also an 
impact on the electrochemical performance of the LSC cathodes. The 500 nm thick LSC 
cathodes annealed at 900 °C for 2 hours lead to the minimum polarization resistance 
value of 0.096 Ω cm2, which puts the spin-coated thin film LSC cathodes obtained in 
this work among the best (B)LSC(F)-based cathodes with submicron thicknesses 
reported in the literature. Similar to the LSC cathodes, the post-deposition annealing 
step at 900 °C for 2 hours lead to the minimum polarization resistance value of 8.2 Ω 
cm2 for the 500 nm thick Ni-GDC20 anodes, which is also comparable to the reported 
polarization resistance values of the anodes with similar thicknesses, microstructural 
features, and composition. The versatility of the proposed method and the high 
electrochemical performance of the resulting electrodes make this electrode fabrication 
technique an important candidate for the nanoscaled electrode technology for low 
temperature SOFCs operating at 600 °C and below. 
 
VII. The proof of concept for the fabrication of porous micro-SOFC electrodes by spin 
coating of dispersions on the freestanding membranes is demonstrated for the first 
time. The amount of the compressive stress present in the 3YSZ membranes has an 
effect on the mechanical and thermomechanical stability of the micro-SOFCs during the 
fabrication and the operation. Thin LSC cathodes are fabricated by spin coating on the 
weakly buckled (compressive stress) 3YSZ freestanding membranes successfully with a 
survival rate higher than 95%. A micro-SOFC membrane consisting of an LSC cathode 
(250 nm), a weakly buckled 3YSZ electrolyte (300 nm), and a Pt anode (80 nm) 
exhibit an open-circuit voltage of 1.05 V and a maximum power density of 12 mW/cm2 
at 500 °C. 
 
VIII. The LSC and NiO-GDC20 electrode materials obtained from salt-assisted spray pyrolysis 
are utilized for the fabrication of electrodes for the anode-supported SOFCs. The disc-
like NiO-GDC20 anode support/GDC10 electrolyte bi-layers are obtained by uniaxial 
pressing of spray-pyrolyzed NiO-GDC20 nanopowders and subsequent GDC10 
electrolyte deposition by screen printing. The SOFCs with the spin-coated thin LSC 
cathodes show poor electrochemical performance, which might be attributed to the 
thermomechanical failure of the cathode layers during the fuel cell testing due to the 
thermal expansion coefficient mismatch between the thin LSC cathode functional layer 
and the thick LSM current collector layer. On the other hand, the SOFCs with the 
screen-printed LSC cathodes exhibit promising electrochemical performance (318 
mW/cm2 at 600 °C). The performance improvement in the maximum power density of 
the SOFCs is attributed to the improved thermomechanical stability of the cell 
components. Electrochemical impedance spectroscopy experiments indicate that the 
lower electrochemical performance of the anode-supported SOFCs compared to those 
reported in the literature might stem from the use of diluted fuel, high activation losses 
associated with the electrodes, and poor current collection. 
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7.2. Outlook 
 
I. The electrochemical performances of the electrodes are strongly dependent on the 
number of the active reaction sites that they provide. The modification of the synthesis 
method to obtain nanoparticles with smaller grain sizes than 50 nm would be one of 
the most promising future work to improve the electrochemical performance of the 
reported nanostructured electrodes in this work. 
 
II. For the future work concerning the thin film electrodes for the micro-SOFC devices, the 
optimization of the thermomechanical stability of the LSC|3YSZ bilayer at higher 
annealing temperatures than 550 °C is necessary to obtain micro-SOFC membranes 
with higher power outputs. The maximum LSC thickness that can be deposited without 
leading to a thermomechanical failure of the micro-SOFC membrane would also be 
interesting to know, as an increase in the cathode thickness will provide more reaction 
sites for oxygen reduction. Moreover, the utilization of the LSC-GDC20 nanocomposite 
cathodes can be considered to obtain higher power densities. Furthermore, engineering 
of a current collector layer might improve the electrochemical performance of the 
micro-SOFCs. Finally, microstructurally stable anodes with high electrochemical 
activities towards fuel oxidation have to replace currently employed Pt anodes. 
 
III. It is important to note that the electrode layers of the anode-supported SOFCs 
fabricated in this work are not optimized to obtain highest power density values. First 
of all, the development of a current collector layer with high electronic conductivity 
and better thermomechanical compatibility with the other cell components is necessary. 
Secondly, the optimum cathode thickness leading to the highest electrochemical 
performance must be investigated in the anode-supported SOFC design. Furthermore, 
the microstructure of the Ni-GDC20 anode supports can be engineered to reduce the 
high mass transfer losses observed in the impedance spectroscopy experiments. The bi-
layered anode support design can be followed, in which the highly porous layer 
supports the cell mechanically and allows a proper gas circulation, while the anode 
functional layer with an ultrafine microstructure creates high number of active reaction 
sites for the fuel oxidation. 
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List of Abbreviations 
 
AACVD  Aerosol-assisted Chemical Vapor Deposition 
AC   Alternating Current 
AFC   Alkaline Fuel Cell 
ALD   Atomic Layer Deposition 
ASR   Area Specific Resistance 
BET   Brunauer–Emmett–Teller method 
BSCF   general: Ba1-xSrxCo1-yFeyO3-δ 
CPE   Constant Phase Element 
CVD   Chemical Vapor Deposition 
DC   Direct Current 
EDX   Energy-Dispersive X-ray Spectroscopy 
EIS   Electrochemical Impedance Spectroscopy 
FIB   Focused Ion Beam 
GDC    general: Ce1-xGdxO2-δ 
GDC10   Ce0.9Gd0.1O2-δ 
GDC20   Ce0.8Gd0.2O2-δ 
LSC   general: La1-xSrxCoO3-δ 
   this work: the specific composition La0.6Sr0.4CoO3-δ 
LSCF   general: La1-xSrxCo1-yFeyO3-δ 
LSGM   general: La1-xSrxGa1-yMgyO3-δ 
LSM   general: La1-xSrxMnO3-δ 
MCFC   Molten Carbonate Fuel Cell 
MEMS   Micro-Electro-Mechanical Systems 
MIEC   Mixed Ionic-Electronic Conduction/Conductor 
Micro-SOFC  Micro-Solid Oxide Fuel Cell 
MOCVD  Metal-Organic Chemical Vapor Deposition 
Ni-GDC  general: cermet of nickel and gadolinia-doped ceria  
   this work: the specific composition NiO-Ce0.8Gd0.2O2-δ (60:40 wt.%) 
Ni-YSZ   general: cermet of nickel and yttria-stabilized zirconia  
OCV   Open Circuit Voltage 
ORR   Oxygen Reduction Reaction 
PAFC   Phosphoric Acid Fuel Cell 
PEMFC  Polymer Electrolyte Membrane Fuel Cell 
PLD   Pulsed Layer Deposition 
RDS   Rate-Determining Step 
RIE   Reactive Ion Etching 
SASP   Salt-Assisted Spray Pyrolysis 
SDC   general: Ce1-xSmxO2-δ 
SEM   Scanning Electron Microscopy 
SOFC   Solid Oxide Fuel Cell 
STEM   Scanning Transmission Electron Microscopy 
TEC   Thermal Expansion Coefficient 
TEM   Transmission Electron Microscopy 
TPB   Triple Phase Boundary 
USP   Ultrasonic Spray Pyrolysis 
YDC   general: Ce1-xYxO2-δ 
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YSZ   Yttria-Stabilized Zirconia 
XRD   X-ray Diffraction 
 
List of Symbols 
 
𝑎   Lattice parameter 
𝑎𝑖   Activities of species in electrochemical reactions 
𝛼 Symmetry factor in Butler-Volmer-type equations (charge transfer 
coefficient) 
𝛼𝑖𝑛𝑡   Interaxial angle 
𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐   Area-specific resistance caused by Ohmic losses 
𝐴𝑆𝑅𝑝𝑜𝑙   Area-specific resistance caused by electrode polarization 
𝐶    Capacitance 
𝐶𝑅
∗    Bulk reactant concentration 
𝐷𝑒𝑓𝑓    Effective reactant diffisuvity 
∆?̂?    Molar entropy change 
∆𝐺°   Standard molar free energy change 
𝐸   Actual voltage output of an SOFC 
𝐸𝑎    Activation energy 
𝐸0    Standard-state reversible voltage  
𝐸𝑁𝑒𝑟𝑛𝑠𝑡   Nernst voltage 
𝐸𝑇    Reversible voltage of a cell at temperature, T 
𝜂   Mean oxidation state of Co in LSC  
F    Faraday’s constant 
𝑓    Frequency 
𝐼    Current 
𝑗    Current density 
𝑗0    Exchange current density 
𝑗𝐿    Limiting current density 
𝑘    Tafel slope 
𝑛    Degree of the deviation form the ideal capacitance behavior  
𝑃𝑖    Partial pressure of the species 
𝑃0    Standard pressure 
𝜂𝑎𝑐𝑡    Activation polarization 
𝜂𝑜ℎ𝑚𝑖𝑐    Ohmic polarization 
𝜂𝑐𝑜𝑛𝑐    Concentration polarization 
R    Universal gas constant 
R    Resistance 
𝑅𝑒𝑙𝑒𝑐    Electrical resistance 
𝑅𝑖𝑜𝑛𝑖𝑐    Ionic resistance 
𝑟𝑖    Ionic radius of species 
𝑠    Tafel intercept 
𝜎𝑒𝑙    Electronic conductivity 
𝜎𝑖𝑜𝑛    Ionic conductivity 
𝛿    Oxygen nonstoichiometry 
𝑇    Absolute temperature 
𝑇0    Standard temperature 
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𝑡    Time 
𝑡𝐺    Goldschmidt tolerance factor 
𝜏    Electrode diffusion layer thickness 
𝜏𝑅𝐶 , 𝜏𝑅𝑄   Time constants 
𝜙    Phase difference between voltage and current 
TECi   Thermal expansion coefficient of materials 
V   Voltage 
𝑣𝑖    Stoichiometric coefficient of the species in electrochemical reactions 
𝜔    Angular frequency 
𝜔𝑅    Relaxation frequency 
x, y   Dopant concentration 
𝑍   Total electrochemical impedance 
|𝑍|    Absolute impedance 
𝑍𝑖𝑚𝑎𝑔   Imaginary part of the impedance 
𝑍𝑟𝑒𝑎𝑙   Real part of the impedance 
𝑍𝑅𝐶    Impedance of an RC element 
𝑍𝑅𝑄    Impedance of a constant phase element 
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